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Abstract
Three Dimensional Printing (3DP) is an advanced rapid prototyping process which
can not only fabricate prototypes but functional tooling as well. In the process, a thin layer
of powder is spread onto a powder bed to which a printhead delivers the binder that
selectively joins the particles. Successive layers are printed and thus a 3-D object is
constructed. In the case of metal tooling fabrication, the part will be sintered, followed by
infiltration to make a fully dense tool.
To minimize the shrinkage and reduce the cycle time in 3DP metal powder post-
processing, the idea of infiltration stop was developed. In the process, a shell, which
defined the negative of the part to be created, was printed with a ceramic binder. The shell,
containing the loose powder, was then directly transferred to the furnace where the
infiltration would take place. Molten infiltrant would stop spreading at the interface
between the shell and the loose powder. After infiltration, the shell would be removed
when the ceramic binder was etched away. Two fundamental factors limited this
development: controlling the infiltration stop interface and loose powder infiltration.
However, the concept of infiltration stop could be extended to fabricate porous tooling
which has many potential applications in manufacturing processes. The major structure of
a porous tool would still be printed with a polymer binder. Only the region that was
designed to be porous would be printed with infiltration stop. The tool would be sintered
and infiltrated subsequently. The region where infiltration stop was printed would remain
porous, as in sintered state. A demonstration unit was successfully created.
The procedure of epoxy infiltration into as-printed green metal parts using a vacuum
setup was established. This process was to create a soft prototype tool with much faster
cycle time and lower costs since high temperature furnace operation was not required.
Successful infiltration was carried out for 316L / Rophlex slurry cast samples by using a
specially formulated unfilled epoxy. The average modulus of rupture value for infiltrated
samples was found to be 50 MPa. In addition, bond strength between metal particles and
epoxy substrate could be reinforced by adding chemical coupling agents or using
irregularly shaped particles.
The shrinkage of printed metal parts was studied by measuring the shrinkage of
rectangular bars at each of the post-processing stages. The total shrinkage after infiltration
for the fast axis, slow axis and Z axis were measured as 1.45%, 1.48% and 1.7%,
respectively.
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Chapter 1
Introduction
1.1 Motivation
All consumer or industrial products are required to go through manufacturing
processes. One of the major manufacturing processes is injection molding for plastic part
production which is on the constant growth in demand. According to [Modern Plastics
Encyclopedia '95, 1994], plastic consumption, in the United States alone, is expected to
increase on an average of 3.8 % for the next five years, from 28.4 million metric tons to
over 33.8 million metric tons. This figure represents about one fourth of the total world-
wide consumption. However, the core of injection molding is the tooling or mold.
According to National Tooling and Machining Association of Washington DC., $40 billion
is spent within the U.S. every year on tooling, jig and fixture, dies and molds [Sachs,
1993]. About $3.5 billions, or 9 %, is spent on injection molding tooling. To capture the
share of the market, how fast to introduce a new product and how flexible to produce
various quantities of the product become the keys to productivity and competitiveness.
Current mold making technology is based on manual machining and numerical, or
CNC machining. The cycle time usually takes about several months to half a year. For a
complex mold, the cost can be as high as $100,000. As a result, tooling fabrication is also
the major bottle neck for manufacturing these products and the tooling costs account for 5%
to 10 % of the total operating cost for many new products. Thus, the ability to produce
rapid injection molding tooling with high quality and low cost is a critical requirement for
facing the severe competition in the mold making industry.
Indeed, Three Dimensional Printing (3DP) process provides the unique technology
to produce rapid injection molding tooling. It is not only capable of producing a design
prototype but a functional one as well, which can be eventually used in production runs. In
contrast to the traditional machining process in which a part is built by material removal,
3DP builds parts by material addition. Consequently the process is able to fabricate
complex tooling that would otherwise be deemed impossible by traditional methods. The
capability of 3DP process to fabricate tooling can be summarized in as follows [Sachs,
1993]:
* ability to create one piece mold inserts which would otherwise
need to be built from several components using conventional
technique.
* flexibility to eliminate process planning and thus streamlining the
fabrication of complex insert.
* ability to create complex internal structure and thus construct the
internal cooling passages for the tooling performance by accurately
control the temperature of the cavity.
* ability to create wear-resistant tooling by controlling the material
composition for tool lifetime.
By extensively exploring the material systems and developing the machine
mechanisms and controls, 3DP process for tooling will become more versatile and will be
well defined for commercialization. The process has the potential to establish itself as the
industrial leading process in injection mold tooling fabrications and to eventually set the
new fundamental standard of practice in injection molding tooling industry.
1.2 Three Dimensional Printing Process
Three Dimensional Printing Process was invented by Professor Emanuel Sachs,
Professor Michael Cima and students of Leader for Manufacturing Productivity Laboratory
at MIT in 1990. The process is a subset of Solid Freeform Fabrication method in which a
three dimensional object designed in a CAD system can be directly constructed using
particulate materials. The best general description of 3DP process can be found in
[Michaels, 1993]. The following is the excerpt from Steve Michaels' thesis:
Three Dimensional Printing (3DP) is a process for the rapid fabrication of
three dimensional parts directly from computer models [Sachs et al, 1990].
A solid object is created by printing a sequence of two-dimensional layers.
The creation of each layer involves the spreading of a thin layer of
powdered material followed by the selective joining of powder in the layer
by ink-jet printing of a binder material. A continuous-jet printhead is raster
scanned over each layer of powder using a computer controlled stepper
motor driven x-y table. Individual lines are stitched together to form 2D
layers, and the layers are stitched together to form a 3D part. The printing
nozzle has a circular opening 46 gm in diameter. The nozzle is stimulated
by a piezoelectric transducer vibrating at 60 kHz to break the stream into
droplets 80 gm in diameter. Commands to modulate the binder stream are
derived from CAD data. The powder bed is lowered at the completion of
each layer by lowering the bottom of the rectangular cylinder which contains
the bed. Figure 1.1 is a drawing of the 3DP system. Unbound powder
temporarily supports unconnected portions of the component, allowing,
overhangs, undercuts and internal volumes to be created. The unbound
powder is removed upon process completion, leaving the finished part. The
3D Printing process sequence is shown in figure 1.2.
Figures for the 3DP machine and the process illustration are shown in Figure 1.1
and 1.2, respectively. 3DP was initially developed using ceramic powders to create
ceramic shells for investment casting and most recently molds for slip casting (see Figure
1.3). The process for printing metal powders was later developed for fabricating metal
parts, especially injection mold tooling. The base metal powders are first bound together
by polymer binder. The 3DP built green metal part is then post processed in a furnace by
removing the polymer binder and forming a sintered skeleton. The porous skeleton is later
infiltrated with a lower melting point alloy to make it a fully dense part [Michaels, 1993].
Currently, the machine is capable of printing multiple jets of binder and the search for new
base powder and infiltrant is underway. Utilizing the many unique advantages provided by
3DP, many injection mold tools have been printed (see Figure 1.4).
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Figure 1.1: A Three Dimensional Printing Machine.
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Figure 1.2: The Three Dimensional Printing Process.
Figure 1.3: A ceramic slip casting mold created by Three Dimensional Printing.
Figure 1.4: An injection molding tool with internal cooling passages created by
Three Dimensional Printing.
1.3 Goals
Although the metal powders printing process was established to fabricate metal
tooling, the full potential of 3DP process has not been explored. There remains a great
flexibility for improvement and innovation in the process, for instance, different material
systems, better porosity controls, higher packing density and faster tooling fabrication
processes. Furthermore, the new trend in rapid prototyping industry that gear toward
direct fabrication of metal tooling which is called Rapid Tool Making (RTM) [Hilton,
1995]. This trend brings some strong competition to 3DP process. For instance, DSP Inc,
already has the capability of directly sintering metal powders on the powder bed by using
selected laser sintering (SLS) process. Consequently, the goal of this project is to expand
the horizon of 3DP process. Of course, the wider the horizon, the greater the impact that
3DP can effect the manufacturing industry and the better it can be positioned to face the
rising competition in rapid prototyping industry.
In this project, some studies have been performed on different potential techniques
to produce tooling using the 3DP process. For instance, by substituting the metal infiltrant
with polymer material, there is a possibility that furnace operation can be avoided in post
3DP process and yet the cycle time can be much shorter. But certainly that will sacrifice the
strength of the tooling made. Another important area that will be covered is the shrinkage
study. It is impossible to avoid shrinkage when processing any solid powders because of
the large amount of void space that is among the particles. Any external compact pressure
or fusion between particles at high temperature can reduce or even eliminate the void space.
A better handling of shrinkage, or even in broader sense, the dimensional change issue will
enhance the 3DP capability of making higher quality tooling. The goals of the studies are
summarized as follows:
* Develop a process that could minimize the dimensional shrinkage
during conventional furnace sintering of 3DP printed green parts.
* Develop a process that could allow 3DP to fabricate solid metal
tools with porous regions.
* Develop a process that uses a 3DP printed green part for very fast
tooling without furnace operations.
* Carry out a shrinkage study that allows the current metal printing
process to have better shrinkage controls.
Due to one year time limit, this project can only be used to provide some
preliminary results on the aforesaid process development. If the new process is found to
have potential, further research and development will be taken into action. However, it is
this kind of continuing improvement and innovation that make the 3DP process a widely
applicable rapid tooling design and manufacturing technology.
Chapter 2
Printing Metal Powders with
Infiltration Stop
2.1 Motivation
Dimensional stability has always been an issue in injection molding tooling. The
higher accuracy of a molding tool's dimensions will assure better tolerance and dimensions
of the plastic parts that come out of it. As the development of 3DP process is progressing
toward direct tooling printing, the challenge of dimensional control is more revealing. This
is especially true as the process is exclusively based on powder materials since the printed
parts are consisted of solid particles and interparticle voids. Shrinkage will occur if the
voids are contracted. In Chapter 4, there is a detail discussion on shrinkage studies. It is
therefore necessary to improve the process so that the shrinkage can be minimized and thus
enhance the dimensional stability. The idea of printing infiltration stop was then created,
which had the potential to minimize shrinkage of 3D printed metal parts and thus enhance
their dimensional stability.
2.2 The Principle of Printing Metal Tooling with
Infiltration Stop
2.2.1 The Idea of Printing with Infiltration Stop
The idea of printing with infiltration stop is to deliver a new binder, typically a
ceramic binder, to the powders that surround the shape of the part to be created. In other
words, it is equivalent to creating a shell, or a negative of the part, with infiltration stop that
encloses the loose powders. If the internal channels are designed, the shell will include
them as well which printed powders must be removed after infiltration. The idea is
illustrated in Figure 2.1.
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Figure 2.1: Difference in printing with polymer binder and infiltration stop
The reason that the binder is called infiltration stop is simply because it prevents the
infiltration of metal alloy, which currently is bronze (90% Cu / 10% Sn), by changing the
surface chemistry of the metal powders. The next section will discuss the mechanism
behind the infiltration stop.
2.2.2 The Mechanism of Infiltration Stop
The work of infiltration stop is the result of reducing the surface energy of the metal
particles. The mechanism is, in fact, the interfacial phenomena which had already been
extensively studied in 19th century, by Gibbs, in particular, who made a significant
contribution to this field. In the case of solid-liquid interface, which represents the
situation of applying infiltration stop, the concept of surface energy can be well explained
by a pairwise bonding model [Woodruff, 1973]. In that model, it is assumed that atoms in
the crystal lattice attract to each other in pairs in a finite range. At the surface where the
pairs are broken, there exists many unsatisfied bonds. The surface energy is therefore the
sum of the energies of all the broken bonds. However, the surface energy is an abstract
term which is usually represented by surface tension which can be measured by many
methods. In the case of metal alloys, Murr (1975) discussed various methods of
measuring surface tensions. In fact, surface energy and surface tension are numerically
equivalent provided that there is no surface structural deformation. But they are
conceptually different. According to Gibbs, surface energy is the work done that creates a
new surface area, while surface tension is the work done that stretches the surface
[Woodruff 1973]. The range of surface energies of different types of surfaces are listed in
Table 2.1.
Table 2.1: Surface energies of some general surfaces [Eager, 1994].
To determine the wettability of liquid on the solid surface, Young's equation is used
which states the balance of surface tension at equilibrium as shown in Figure 2.2.
'V
Figure 2.2: Surface tensions and contact angle 0 defined at solid-liquid interface.
And the Young's equation is defined as:
'LV cos 8 = 2SV - 'SL (2.1)
In the equation, yLV is the surface tension at the interface between liquid and vapor phase,
YSL between solid and liquid phase, and Ysv between solid and vapor phase. 0 is called the
contact angle. When 0 = 0, the liquid will spontaneously spread over the solid surface.
The liquid is said to wet the solid. Typically, for 0 < 30 degree, there is good spread and
adhesion of the liquid to the solid substrate. On the other hand, it is defined as non-wetting
if 0 = 90 degrees.
However, Young's equation is too simple to account for any kinetics of the liquid
droplets and so it is only valid as long as the droplet is at static equilibrium. Furthermore,
it is very inconvenient and unreliable to measure YSL and ysv. Then there comes
Surfaces Surface Energies
Metals 0.5 - 2.0 J/m 2
Covalent 0.2 - 1.0 J/m 2
Ionic 0.2 - 0.5 J/m 2
Water 0.072 J/m 2
Teflon 0.02 J/m 2
Gas 0 J/m 2
thermodynamic way of quantifying the surface phenomena in which the surface tensions
are described in terms of Helmholtz free energy, area of interface, temperature, and
chemical potential. More detailed treatment can be found in [Zisman, 1977], [Delannay,
Froyen, and Deruyttere, 1987]. Also [Bredt, 1995] provides a concise and quick
discussion of the surface energy concept. Under thermodynamic considerations, reversible
work of adhesion, WA, is defined as [Dupre in Zisman, 1977]:
WA = -sv + YLV- YSL (2.2)
This is the work needed to separate the liquid from the solid. Therefore maximum
adhesion or spreading will occur when WA is maximum. Combining Equation 2.1 and
2.2, leads to the Young-Dupre equation, which is:
WA = 'LV(1 + cos 0) (2.3)
It can be seen that when 0 = 00 , WA is a maximum where maximum wetting
occurs. For 0 = 900, WA is a minimum, which also equals to yLV since all liquids have
surface tension under normal condition. After all, when the solid is wetting by a liquid, the
result leads to the reduction of surface energy.
In addition, there is the concept of critical surface tension Yc of the solid which
helps to predict the liquid wetting behavior on a solid by comparing the surface tension of
solids. This concept was developed by Zisman and his co-workers who empirically
determined the solid surface tension by plotting cosO against YLV of a homologous series of
liquids. The critical surface tension YC was determined by extrapolating the curve to where
cosO = 1. If the liquid has a surface tension that is less than 'C, it can wet the solid
completely [Zisman, 1977]. For example, pure water has yLV of 71.6 dyne/cm at 25 C.
So it cannot wet polyethylene of Ye = 31 dyne/cm.
Simply put, high surface tension liquid cannot wet the low surface tension surface
but not the reverse. At this point, it should be clear what mechanism stops the infiltrant,
that is, using an infiltration stop which has much lower surface tension than the molten
metal infiltrantl. Some tables that list the surface energy values of many elements and
compounds 2 can be found in [Kingery, Bowen, and Uhlmann, 1976] [Handbook of
1 Liquid copper at 1120 C has surface energy of 1270 dyne/cm. The ceramic solid alumina at 1850 C has
surface energy of 905 dyne/cm.
2 Some listed values of yLV are: Silver = 895 mJ/m 2 at 1000 "C; Tin = 550 mJ/m 2 at 232 *C; Mercury =
475 mJ/m2 at 20 "C.
Chemistry and Physics, 1975]. As the infiltration stop is delivered to the powders,
typically stainless steel 316L3 powders, it coats the surface and thus reduces the surface
energy. When the melt front of high surface tension molten bronze sees the low surface
energy surface, the contact angle of the liquid metal at the interface can be as high as 90
degrees and it thus stops spreading. Presumably, no liquid infiltrant should be able to pass
the interface into the infiltration stop printed layer. This is essentially the mechanism of
infiltration stop.
2.2.3 The Processing Stages of Printing Infiltration Stop
There are several major distinctions between the process of printing infiltration stop
on metal powders and the conventional printing. In the conventional 3D metal printing
process, there are typically 4 processing stages. First the metal parts are printed by the
machine. Then the parts are dried in air or in an oven. In the third step, the parts are fired
in a furnace to remove the polymer binder and sinter to form a skeleton structure. In the
last stage, the sintered parts are infiltrated with lower melting point alloy to fill up the void
spacing to produce a fully dense part. It is however commonly known that sintering is the
major source of shrinkage. If the 3D metal printing process can bypass sintering, there
would certainly be a tremendous advantage to minimize the shrinkage. In printing the
infiltration stop, first of all, the object designed in the CAD file is the negative of what the
object should be. Secondly, the infiltration stop is a ceramic binder while the conventional
printing uses a polymer binder. Finally, when finished printing, the shell that contains the
loose powders will be dried in air and then directly transferred over to the furnace for
infiltration. An infiltrant slag will be placed on top of the loose powders which allows the
capillaries to suck the molten infiltrant. After the infiltration, the shell can be removed by
different means. Some infiltration stops such as silica can be etched away with strong
aqueous sodium hydroxide (NaOH) solution. It is also expected the etching will also
remove the powders in the internal channels printed with infiltration stop. The whole
process are depicted in 4 steps in Figure 2.3. Other methods of removing the shell include
vapor blasting, grit blasting, brushing and polishing but these methods are only limited to
the external surface. For internal surface, chemical solution etching is the only choice.
3 316L is a low carbon stainless steel which consists of the following compositions: 0.03% C, 16-18%
Cr, 10-14% Ni,, 2.5% Mo, and balanced with Fe.
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Figure 2.3: Post-processing steps of printing infiltration stop
2.3 Searching the Infiltration Stop
2.3.1 Using a Commercial Brazing Stopoff
The idea of infiltration stop came from the "stopoff" technique used in brazing
industries, which protects the metal surface during the brazing operation. In [ASM
handbook Volume 6, 1993], a stopoff is defined as "a material used on the surfaces
adjacent to the joint to limit the spread of soldering or brazing filler metal." Likewise the
infiltration stop is to limit the spread of the liquid infiltrant on the powder during the
infiltration process. As a result, a commercial stopoff, namely Nicrobraz@ White Stopoff
from Wall Colmonoy Corp (1-313-585-6400), was ordered to test the feasibility of
adapting it to be an infiltration stop.
The White Stopoff is in powder form with an average particle size of 8 jIm and
maximum of 27 min. In test its ability for stopping infiltration, a very simple 2 layers
experiment was carried out in a ceramic tray. The process is shown in Figure 2.4. The
powders were first poured into the tray. Then the White Stopoff powder was dispersed
and the solution was applied to the powder by a syringe delivering in large droplets. The
droplets were supplied until they could no longer wick into the powders which were
already soaked with liquid binder. The tray was then dried subsequently. A second layer
of loose powder was poured on top of the first one and were tapped to increase the packing
density. The tray was then carried over to a ceramic tube furnace where a slug of infiltrant
was placed on top of the loose powders. Infiltration was then completed in the furnace.
Afterwards, the 2 layer sample were taken to a caustic NaOH bath and etched for two hours
and sonicated for another half an hour. This 2 layer experiment was in fact the basis of
future experiments that provided a quick evaluation of the infiltration stop. The result of
the experiment indicated that the infiltrant stop penetrating at the layer containing the stopoff
although it was not a clear cut interface which was revealed after the major part of the
bottom layer powder, except those near the interface, was removed by NaOH.
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Figure 2.4: Steps of a simple 2 layer experiment to test the infiltration stop.
A X-Ray diffraction analysis was used to determine the composition of White
Stopoff. The result indicated that corundum alumina was the principal component present
in the sample. Other element compositions include maganese and tantalum. Therefore, the
White Stopoff slurry was simply an alumina slurry. This implied that other ceramic
slurries could be used as the potential infiltration stop.
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2.3.2 Using other Ceramic Slurries and Sol
Consequently, other infiltration stops were investigated. There may be one that
works the best since the effective stop is needed at the boundary between the loose powder
being infiltrated and the printed powder. The early search of infiltration stop was narrowed
down to 6 ceramic solutions: colloidal and slurry silica (SiO2); colloidal and slurry alumina
(A1203); colloidal and slurry zirconia (ZrO2). The distinction between a slurry and a
colloidal solution is not very clear. However, it is commonly assumed that if the particles
in the solution are less than 1 gim, the solution is called colloidal solution or sol; otherwise
if the particles are greater than 1 gm, it is called slurry. Since these solutions were the trials
to see which works the best in stopping the infiltration, some solutions were specially
prepared and others were just off the storage bench. As a result the sample parameters
such as particle size range and volume percentage (vol %) in the solutions were not the
same. But this was not critical for initial trials.
Among those trial infiltration stops, it was found that slurry silica (20 vol %,
particle size - 1.7 to 3 inm), colloidal silica (27.4 vol %, particle size - 0.1 gm ), colloidal
alumina (6 vol %, particle size - 0.05 gm ), and zirconia slurry (15 vol %, particle size - 3
to 10 Im) were successfully stopping the infiltration. The reasons for the those which
could not prevent infiltrant from entering the bottom layer were probably due to the low
ceramic concentration, or too large particle size. In any event, all ceramic solutions should
be able to stop infiltration because they have lower surface tension than that of bronze,
however, provided that they uniformly coated the powder surface that prevent the spread of
the molten infiltrant.
2.4 Powder Removal Problems
Although the initial 2 layer experiment showed a good promise of stopping
infiltration, the progress was impeded by the problem of powder removal which was the
last step of the process. To remove the infiltration stop, a 30 weight percent (wt %) of
sodium hydroxide solution was prepared. The solution was a strong base with highest pH
of 14. In fact in industrial casting, sodium hydroxide is used to etch away silica. All
samples that had successfully stopped the infiltration was etched in NaOH solution for 2
hours4. A beaker containing the etching solution was placed on the plate with a magnetic
stirrer. The solution was slowly heated up while the stirrer was creating a flow in the
solution. The maximum temperature that the etching solution reached was 95 *C.
4 An error was made in etching zirconia since it is not soluble in NaOH.
Unfortunately, the bottom layers remained even under such as a caustic solution.
Apparently, there was a bond that bound the powders together. A reasonable presumption
was that sintering between 316L stainless steel powders occurred at the infiltration
temperature.
2.4.1 Understanding Sintering Mechanisms
Sintering is the material transport by diffusion among particles which are in contact
with each other. There are 6 major mechanisms that contribute to the sintering [German,
1990]: surface diffusion, lattice diffusion from surface, lattice diffusion from grain
boundary, plastic flow, grain boundary diffusion, and vapor transport. These 6
mechanisms are divided into 2 groups; one is surface transport, and the other bulk
transport. The breakdown is clearly illustrated in Figure 2.5.
Sintering Mechanisms
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Figure 2.5: Grouping of different sintering mechanisms.
In surface transport, the source of material transport is from the surface of the
particles while in bulk transport the source is from the bulk materials. Typically, a neck
will form at the contact between particles, which is the sink of the material transport. As
more materials diffuse to the neck through bulk transport, the shrinkage will occur. As in a
two particles model, center to center distance will be shortened. The path of material flow
is shown in a 2 particles model in Figure 2.6 and the actual micrograph of neck growth
between the particles.
There are several ways to verify the extent that the sintering has occurred. One is
neck growth which is defined as the ratio of X over a. As indicated in Figure 2.6, X is the
size the neck measured from the center of the particle and a is the particle radius. There is a
general equation, valid for the ratio of X/a less than 0.3, which describes the neck growth
in terms of particle size, time, and other material properties [German, 1984]:
-) = (2.4)a a"'
Where t is the time of sintering. B is the function of the parameters such as absolute
temperature, surface energy, viscosity, Boltzmann's constant, vapor pressure, and
diffusivity. n and m will depend on the sintering mechanism. Typically, n varies from 2 to
7 and m from 1 to 4 [German, 1984]. Different mechanisms have different Bs which
include at least one term that is thermally activated and that follows Arrenhnius equation:
B = Boe -kT (2.5)
The total neck growth will be the sum of all B's of each mechanism. Equation 2.4 and 2.5
clearly indicate the influence of time, temperature and particle size on the rate of sintering
which is directly proportional to time and temperature but inversely proportional to particle
size.
In powder metallurgy, the sintering path from loosely packed powders to almost
fully dense solid is usually characterized into three stages [German, 1984]. The driving
force for sintering is different at different stages. In the initial stage where the individual
particles are still distinguishable, it is the curvature gradient at the neck that guides the
material flow. In the immediate stage where there is some amount of neck growth, as in
Figure 2.6 (b), the driving force is the reduction of interface surface, or the surface free
energy. In the final stage as the pores are become spherical and isolated, the driving force
is the total elimination of the interfacial area and the pores [German, 1984].
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Figure 2.6: (a) The materials flow path from different sources to the sink at the neck(courtesy Ashby, 1981). (b) The micrograph of 2 sintered 316L stainless steel particles,fired at 1375 TC under 95 % Ar / 5 % H2 for 1 hour.
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2.4.2 Investigating the Sintering of 316L Stainless Steel
Powder at 1100 "C
As stated earlier, the major obstacle that prevents the removal of infiltration stop
coated 316L powders is possibly owing to the sintering of the powders at the infiltration
temperature which is 1100 "C. To verify the hypothesis, several approaches can be used.
2.4.2.1 Theoretical Prediction
One is theoretical prediction of sintering of 316L powder. There are many
theoretical model being developed by many researchers. One of the most extensive models
was developed by Ashby and his co-workers who created the sintering diagrams
methodology for predicting the sintering of powders [Ashby, 1973][Swinkels and Ashby,
1981]. However, it should be noted that sintering is inherently a very complex process. It
is tremendously difficult to exactly simulate the sintering process and even the extensive
model such as the sintering diagrams can have large prediction errors. Also a slight change
of assumptions can lead to some unrealistic results. For example, in predicting the
sintering of 304 stainless steel powder using the model suggested by Ashby, the initial
value of neck size X is very sensitive to the output X/a. Another factor that hinders the
development of an accurate model is actually the finding of material parameters, such
diffusivity and activation energy, mentioned in Section 2.4.1. Nevertheless, German
(1990) provided a sintering diagram that simulates the sintering behavior of 20 Jtm 316L
powders as shown in Figure 2.7. As seen in the diagram, the fractional density 20 lIm
powder increases from 63 % to 67 % after sintering at 1100 TC for 0.25 hour and increased
to 71 % after 1 hour sintering. The increase in fractional density of the 316L powder is the
direct indication of sintering occurrence.
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Figure 2.7: Sintering of 20 Rm 316L stainless steel powders (courtesy German, 1990).
2.4.2.2 Modulus of Rupture Test
Another way to test the sintering of 316L powders is to measure its mechanical
strength after firing at the infiltration temperature. If it shows significant strength, it can be
safely deduced that sintering occurs. However sintering strength must be kept distinct
from the binder strength; thus, a control sample without any binder was also be prepared as
a comparison. Furthermore, there is a minor surface adhesion from interatomic force that
hold the particles together. This is especially true at high temperature when the surface
impurities are decomposed and the surface oxide is reduced if hydrogen is present.
The experiment for evaluating the sintering strength began with 3 infiltration stops
which previously showed promising results in 2 layers experiment. They were again
colloidal silica (diluted from 27.4 vol % to 17.5 vol %), colloidal alumina (6 vol %), and
zirconia slurry (15 vol %). Stainless steel 316L powders with mean particle size of 44 itm
was used. First, 316L powders were mixed with infiltration stop and the amount of binder
to powder is summarized in Table 2.2. Then it was poured, or "cast", into a mold which
was built by 4 rectangular aluminum strips and a rubber sheet as the bottom. The slurry
was then carried over to the a toaster oven for complete drying. After the slurry was dried,
the metal powder was separated from the mold. On the other hand, the control samples
were prepared by using water to substitute for the binder. They were made by mixing
water and 316L powders and the slurry was subsequently cast and dried in a ceramic tray.
All the samples were then fired in the furnace under the following condition:
* 10 °C/minute ramp up to the desired temperature.
* 15 minutes soaking time at that temperature.
* 20 'C/minute ramp down to the room temperature.
* Back-filled gas: 95% Ar/5% H2 (forming gas).
* Flowrate: 3 cubic ft / hour
To also evaluate the effect of temperature to the sintering of 316L powder, the cast
bars were fired at different temperatures, in the range from 600 °C to 1100 'C with an
increment of 100 'C. The objective was to investigate the sintering behavior of the metal
powders with and without infiltration stops at elevated temperatures and to determine the
cut off strength where no sintering occurred. The fired blocks were cut into rectangular
blocks and tested for modulus of rupture (MOR) by a Four Point Bending test. The test
results are summarized in Table 2.2 and plotted in Figure 2.8.
Zr02 (15 Vol. %) Al203 (6Vol%) Si02(17.5Vol%) H20
Particle size 3 ~- 10 pm - 0.05 gm - 0.1 gm N/A
Composition: 6.5cc ZrO2 6.5ccA1203 7cc SiO2 6ccH20
+60g316L +55g316L +60g316L +50g316L
Temp (°C) MOR MOR MOR MOR
(MPa) (MPa) (MPa) (MPa)
600 0.04 0.46 0.36 N/A
700 0.21 0.92 1.04 N/A
800 0.67 1.2 1.6 N/A
900 0.86 1.0 4.8 N/A
1000 3.1 2.3 7.4 0.2
1100 3.1 6.9 10.2 4.2
Table 2.2: Four point bend test results of 316L sintering response study. Note that there
was only one sample fired at each testing temperature and the samples were unetched
before the test.
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Figure 2.8: MOR of infiltration stops cast 316L powders fired at different temperatures.
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The results of the experiment revealed the sintering strength of 316L powder in the
presence of different infiltration stops. Silica samples exhibited a higher strength than the
other two types of samples at all temperatures. Zirconia samples showed the least strength.
As indicated from the results, 900 TC was the cut off strength for both zirconia and alumina
samples while for silica it was 800 TC. For firing temperature at 900 'C, the control sample
remained as loose powders. The strength for the control sample at 1100 °C was 4.2 MPa
which should mostly come from the initial sintering of the powders and the interatomic
force between the particles.
It was interesting to note that both colloidal alumina and silica samples showed
higher MOR than the control samples. When the MOR difference was calculated, it
showed rather consistent results. For instance, the differences in MOR between the
alumina and the control samples at 1000 'C and 1100 'C are 2.1 MPa and 2.7 MPa,
respectively. While for silica samples, the differences were 6 MPa and 7.2 MPa, still a
rather close results. What was attributed to the difference in MOR was unknown.
However, two possible hypotheses could be used to explain the difference for silica. At
1100 'C, the gelled amorphous silica may become molten liquid phase that redistributed
over the metal powder surface, which might act as a sintering aid for the metal particles
[Satbir Khanuja, private communication]. On the other hand, a more likely hypothesis is
that silica particles might also sintered at 1100 'C that increased the silica-metal bond as
silica was well dispersed over the metal particles during slurry mixing. For colloidal
alumina, it was unlikely to expect it to become the liquid phase but sintering might still
occur at 1100 'C because of the fine particle size. In addition, the solid phase of alumina
might act as a stiffener in the porous metal powders bars and thus provided the
reinforcement for high MOR. At low temperatures when stainless steel powders sintering
was not supposed to happen, the MOR for both alumina and silica samples were low and
about the same. So the strength could just be the gelation of the two binders. In any event,
it should be quite clear that sintering did happen for pure 316L powder at 1100 'C. To
further prove the point, a silica sample fired at 1100 'C was etched in 30 wt % NaOH for 2
hours and then sonicated for another 1 hour to remove the binder. Then the MOR result
was recorded to be 4.3 MPa which was close to value of the control sample (4.2 MPa) in
which no binder was present. This result showed that the additional strength might likely
come from the silica particles sintering.
On the other hand, the zirconia samples have smaller MOR values than that of
control samples at 1100 "C. Certainly there was no gelation of zirconia slurry. At lower
temperatures where no sintering occurred for 316L powders, zirconia samples had very
low MOR values. Because of larger zirconia particles in the slurry mixture, zirconia
particles might physically reduce the particle to particle contacts among 316L powders.
Thus, at high temperatures, less amount of 316L powder sintered and so lower MOR value
of 3.1 MPa, than that of control samples, 4.2 MPa.
Later, a larger mean particle size 316L powder (75 gm) was prepared as the control
sample using water as the binder and then fired at 1100 'C for 15 minutes. The MOR
result was 2 MPa which was the lowest value among all other test results. This
significantly indicated that the particle size strongly affected the sintering behavior. At
1000 TC, the rupture occurred at 0.9 MPa which was about the same to that of 40 [tm
316L. The result showed the cut off value for the sintering of 316L was about 1000 TC
under the current firing condition.
2.4.2.3 Micrograph Observation
Mechanical testing provided the quantitative analysis of the sintering behavior of
316L powders at infiltration temperature of 1100 "C. A qualitative analysis was performed
to evaluate the behavior as well. Some infiltration stop as well as control samples that were
fired at 1100 'C were examined under Scanning Electron Microscope (SEM). Figure 2.9
shows the micrograph of two pure 316L particles, without any binder, that form necking
between each other. A X-ray analysis (EDAX) was performed at the neck to check the
material composition and the results revealed the presence of stainless steel elements such
as iron (Fe), chromium (Cr) and nickel (Ni). The results simply implied that the sintering
occurred.
Figure 2.9: Initial sintering of two pure 316L particles, without any binder, after being
fired at 1100 'C for 15 minutes.
2.4.3 Preventing the Sintering of 316L Particles at 1100 TC
After extensive observation and the MOR tests, it was certain that initial sintering
occurred to 316L powder at the bronze infiltration temperature (1100 "C). However, the
MOR results gave a very interesting conclusion on the effect of infiltration stop particle size
to the strength of sintering. Certainly large ceramic particles which can be uniformly
distributed over the metal powders can act as obstacles preventing particle to particle
contacts as no reaction between the ceramic particles and the stainless steel powders is
expected. The situation is illustrated in Figure 2.10.
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Figure 2.10: Physical separation of 316L particles.
Therefore, the next logical step in the infiltration stop development was to find a
way to minimize the particle contacts and thus inhibited the sintering. But in actual
printing, it will be difficult to print a large particle size binder to the already packed powder
bed and to create a scene depicted in Figure 2.10. However, if the powder is already
coated, 316L / 316L contacts will be eliminated if the coating is uniform on all particles.
Another approach is to premix the 316L powder with refractory metal powder and thus
separates 316L particle contacts.
2.4.3.1 Coating 316L Particles with Refractory Metal Salt
The technology for coating fine powders had been around for many years. There
are many ways to fabricate metallic and refractory coatings [Lamprey, 1963]. Milling the
substrate and the coating materials is one method which has been used industrially to coat
tungsten carbide powder with cobalt or cobalt oxide for cutting tools. Both electroplating
and electroless deposition of metals and metal compounds onto the powders suspended in a
fluidized bed are other popular methods. In addition, metal salts, either in solution or
gaseous phase, can be chemically reduced to the metal at the powder surface. Other coating
methods include metal sputtering, metal spraying, and vapor deposition.
Among all of those choices, salt coating seemed to be the easiest method to pursue
and it was first suggested by Steve Michaels, a brilliant Ph.D. candidate in 3DP laboratory.
The salt for coating the stainless steel powder was chosen to be ammonium molydate
[(NH4)6Mo7024-4H20]. This salt had a density of 2.498 g/cc and given the
molybdenum density of 10.2 g/cc, 13.2 vol % of molybdenum metal that was needed to be
extracted to deposit onto the powder surface. The process for coating molybdenum onto
the 316L powder surface is described in Figure 2.11. The steps of salt coating procedure
can be summarized as follows:
1. Determine the amount of salt needed. This can be a very rough approximation. It should
be expected that some iterations are needed to obtain desired thickness of coating.
2. Mix the 316L powder with an aqueous solution of the salt. Solubility of the salt is
usually provided in the Material Safety Data Sheet (MSDS). Add more distilled water if
needed to disperse the salt solution.
3. Dry off the excess water while stirring constantly.
4. Put the powder into an oven at about 100 'C for complete drying. By then the salt should
crystallize on the powder surface.
5. Grind and sieve the powders.
6. Chemically reduce the metal oxide on the powder in the furnace with hydrogen gas.
However, the current experiment was limited using forming gas (95% Argon/5%
Hydrogen) only. Set the firing temperature and soaking time.
In step 6, choosing firing temperature and soaking time requires some trial and
errors for the complete decomposition of the salt and reduction of the oxide. Although
thermodynamic calculation may help to approximate the firing temperature and time, it is
still an rough approximation and also using inexact material information such as free energy
of formation may lead to erroneous results.
It should, however, be noted that the coating procedure was devised based on the
experiment with molybdenum salt. Therefore, a slight modification may be needed for
coating other kinds of metal salts. Nevertheless, this procedure can still be treated as a
general powder coating method.
Aqueous ammonium
molydate
316L powider
StepStep 1: mix powder with the salt
solution.
2: dry the solution on
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Figure 2.11: Four basic steps of coating metal powders with metal salts.
Several salt coating experiment have been tried. Initial firing schedule was firing up
to 800 TC and hold for 5 minutes. But there was still significant amount of salt crystal
remaining on the powder surface. A later experiment with firing at 800 'C for 1 hour
showed some promising results. The ratio was calculated as 12 g of salt per 100 g of 316L
powders and was intended for a coating thickness of 1.2 gim. The coated powder was
tested by firing them to 1100 TC and they did not sinter. The thickness of coating was
about 1 to 3 [tm. It was actually not surprising to see that a small amount of salt or
molybdenum oxide still remained on the metal powder surface. An optical micrograph of a
coated particle which is seen surrounded by a ring is shown in Figure 2.12.
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Figure 2.12: A molybdenum salt coated 316L particle after firing at 800 "C for 1 hour.
Although the ring in the optical micrograph indicates the presence of coating
material, analysis of the materials present in the ring and observation of diffusion at the
coating / substrate interface were required. Consequently, a microprobe analysis was
performed on the coated 316L particles. This used X-Ray to determine the material
compositions at designated probe location and carried out quantitative analysis to calculate
the weight percent of each element. The test result were summarized in table 2.3.
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Element Compositions (wt %) at designated locations
1 2 3 4 5
67.4% 65.5% 67.9% 68.4% 66.8%
9.7% 10.8% 9.7% 8.8% 9.4%
16.3% 16.7% 16.4% 16.3% 15.6%
2.1% 2.5% 2.1% 2.2% 2.8%
95.5% 95.4% 96.1% 95.7% 94.6%
Isee diagram above)
6 7
28.3% 18.0%
3.1% 1.7%
2.0% 2.4%
62.9% 76.8%
96.3% 98.9%
Table 2.3: Results of microprobe analysis of a molybdenum salt coated 316L particle.
From the probe position 1 to 5 which are located within the 316L particle, the
weight percentage of molybdenum at each location is on the average of 2.5%. That is equal
to the nominal weight percent of molybdenum in the standard 316L stainless steel. As
mentioned before, the other compositions of 316L include 16-18% Cr, 10-14% Ni, and
about 70% of Fe which also match the probe results from position 1 to 5. Finally, for
position 6 and 7, the analysis marks the diffusion of Fe into the molybdenum coating layer.
The significant amount of molybdenum present indicates the success of the coating
process. However, since the probe cannot determine the presence of oxygen, the form of
molybdenum in the coating material could be that of molybdenum oxide. Also note the
sum of the weight percent was not 100 %. This is the indication that other elements and
compounds such as carbon alloyed in 316L powder as well as the metal oxide that were not
being detected. Again, how long or how high a temperature needed to completely reduce
the oxide should be determined with an empirical approach.
Fe
Ni
Cr
Mo
Total
2.4.3.2 Mixing 316L Particles with Refractory Metal Powders
In fact, while investigating coating techniques, several trials on mixing some
refractory metal powders with the base powders were carried out. A 20 vol % of tungsten
powders were added to 316L powders. The mixed powders soaked with infiltration stop
were then fired to 1100 TC for a short period of time to simulate the infiltration condition.
After firing, the fired block was seriously cracked but still maintained some strength from
sintering. The cross section of the block looked very flaky, comparable to that of a soda
cracker. Even by adding with a high load of 20 vol % of refractory metal powder, the
result revealed the difficulties of dispersing added powders uniformly in the base powders
to provide the required physical separation. The idea was then quickly abandoned.
However, completely replacing the base 316L powders with refractory metal powders was
later experimented. Section 2.5 will provide the detailed discussion.
2.4.4 Summary
As the sintering of 316L powders was proven to occur at an infiltration temperature
of 1100 °C, the investigation of infiltration stop was quickly turning into that of sintering
stop and was becoming more complicated. The only way to stop sintering is to separate
particle to particle contacts. Salt coating the base powders seems to be a very easy and
direct approach. But the effectiveness of salt coating in sintering stop needs to be
evaluated. For example the question of minimum thickness required for coating must be
answered. Furthermore, uniformity of coating is also critical to prevent sintering between
particles from happening. However, to demonstrate that the infiltration stop process really
worked, it was decided to experiment printing solid state refractory particles with an
infiltration stop so that the problem of sintering could be avoided.
2.5 Process Demonstration Using Refractory Metal
Powders
All the previous experiment with infiltration stops were done either by mixing with
powders as slurries or placing droplets using a syringe. As a result, there is a need to
answer the question: Does the infiltration stop process work with actual printing process ?
As the conceptually simple process turned into a realistically complicated problem, the need
for a process demonstration was further desired.
2.5.1 Infiltration Stop Experiment with Molybdenum and
Tungsten Powders
Before proceeding to actually print the refractory metals, it was necessary to test the
loose powder infiltration as it was done in the 2 layer experiment. The powders used were
44 gm tungsten and 44 gm molybdenum. Infiltration stop was the current silica binder
used by the 3D printing machine for printing ceramic powders. So the bottom layer was
tungsten or molybdenum powders with silica and the top layer was the loose powder
infiltrated with bronze. Successful results were obtained. Unlike the interfacial layer
between 316L/infiltration stop and 316L/bronze, the interface appeared much more smooth
and clean. Some SEM photos of the interface were studied. It seemed that the bronze did
not wet the metal powders very well at the interface. But because of higher surface energy
of refractory metals, the silica binder might indeed wet the particles surface very well and
thus resulted in more uniformly coating. Another reason could be due to the wetting
behavior between bronze and refractory metals. And therefore the surface oxide layer of
refractory metal powders reduced the surface free energy by such amount that the contact
angle between liquid bronze and refractory metal surface increased. The success of the two
layer experiment provided the basis for actually printing the refractory powders with
infiltration stop. Since there were more molybdenum powders in inventory, it was then
chosen to use for printing the infiltration stop demonstration samples.
2.5.2 Printing the Molybdenum Powder with Silica
There were two major characteristics that was needed to be observed for the printed
sample. One was the interface behavior and the other was the surface finish. The interface
behavior would determine how easy the powder would be removed and how efficiently the
infiltration stop performed. To assist such an observation, a small block (20 mm x 20 mm
x 10 mm) with 3 internal straight channels was designed: 2 square channels with 1 mm x 1
mm and 2 mm x 2 mm cross-sections respectively and a circular channel with a diameter of
4 mm. A 5 mm thick negative shell, surrounding the small block, was designed to be
printed with infiltration stop. A sketch of the negative shell that encloses the block is
depicted in the following figure.
Figure 2.13: The infiltration stop process demonstration block. Note that this is the
negative mold of the part to be printed.
The block was printed in the small prototype 3DP machine. The binder used was
silica and the average diameter of molybdenum powder was 44 gm. Two blocks out of
four blocks were printed successfully and infiltrated subsequently with bronze. One block
was however underinfiltrated by about 5 % and the other one was slightly over infiltrated.
2.5.3 Result and Analysis
After infiltration, the blocks were then etched in sodium hydroxide solution.
However, the powder in the channels was extremely hard to be removed. In order to
remove the powder from the channels, a syringe was used to repeatedly suck and inject
water into the channels. In the end, for the underinfiltrated sample, the powder in the
smallest channel failed to be removed while for the other sample, the circular channel was
partially blocked and the square ones were all clogged with powder. Figure 2.14 shows
the interface between infiltration stop (silica) printed region and the bronze infiltrated
region. On the surface, the powder at the outer shell came off quite easily as a result of
etching but there was still a thin layer of powder adhered to the infiltrated surface. This
might be due to the mechanical interlocking and even worse the adhesion of powders to the
bronze. This situation is described in Figure 2.15.
Figure 2.14: Interface at the infiltration block. Note that silica had been etched away.
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Figure 2.15: A hypothesis that describes how the powders stick to the infiltrated surface.
In fact, the surface effect could always be improved by post machining or
polishing. What was the most detrimental was the failure removal of powders inside the
channel. If it was so difficult to remove the powders from the 2 mm long straight channel,
it was not hard to image the effort needed to remove the powders from a curved channel
that might be 10 times longer in real tooling. There was an interesting discussion with a
chemist in the Ceramic Laboratory about the reaction between silica and sodium
hydroxide[Weindal, private communication]. Basically, sodium hydroxide will form
sodium silicate with silica and give off water which is described as follows:
W
SiO2 (,) + 2NaOH() --- Na2SiO 3(,) + H20()
Sodium silicate is soluble in water but it will gel upon drying. However, it had been
observed in the small channels that the particles did not fall out by itself during etching even
though they did not sinter. Obviously, good powder packing and liquid surface tension
were creating mechanical interlocking and pressure, respectively, to hold the particles in
place. On the other hand, like the surface effect, powders adhering to the bronze would
also cause difficulties for removal. However, the worst case happened in all small
channels when the molten bronze passed through the interface layer. Certainly it could be
assumed that there was not a clear cut interface that stopped the infiltration. If the powder
was not strongly coated with silica, the molten bronze could still find its way through. The
situation was actually proven during an infiltration attempt to one of the failed infiltration
stop printed molybdenum blocks. The surface of the infiltration stop printed shell was
covered by spots of bronze which were transported by vapor condensation. A SEM
examination revealed the adhesion of bronze to the silica printed molybdenum powders,
which should not have happened if the powders were fully coated with silica. The picture
is shown in figure 2.16.
Figure 2.16: A spot of bronze appeared on the silica printed powders.
Beside the negative results of the demonstration, there was actually one positive
aspects. At least for fast (X) and slow (Y) axes of the demonstration units, no apparent
shrinkage was found. The dimensions in fact appeared to be larger, ranging from 60 gm to
(2.6)
100 gm, which was very likely due to the surface effect as described above and surface
roughness of loose powder infiltration.
Nevertheless, the result of the demonstration did not seem to be very promising.
Even for high melting point molybdenum, the problem of powder removal still existed
especially for internal cavities, although the powder did not sinter. In addition, there are
some other fundamental problems inherent in the loose powder infiltration that also cast
many troubles to the process which, will be discussed in the next section.
2.6 Problems Associated with Loose Powder
Infiltration
Beside the powder removal problem, another fundamental problem that could be
associated with printing infiltration stop is loose powder infiltration. There are several
factors that are against the infiltration of loosely packed powders.
Powder Rearrangement. In fact, as liquid bronze flows into the powder bed,
there is an capillary force between particles that is due to both surface tension and particle
surface curvature [Heady and Cahn, 1970]. The magnitude of force involved can be
expressed by an equivalent external pressure. If the powders are close packed, the
equation that describes the force becomes [Heady and Cahn, 1970]:
P= 2VKr "r jcos 0 (2.7)
where
r = particle radius
YLV = the liquid surface energy
0 = the contact angle.
Therefore, for a particle size of 44 gm (-325 mesh), zero contact angle, and surface energy
of liquid bronze approximated as 1100 mJ/m 2 (In [Murr, 1975], copper at melting point,
1180 °C, was listed 1300 mJ/m 2 and copper with 30 wt % tin was listed 820 mJ/m 2 at
1100 'C.), the equivalent pressure is 2.2x105 Pa or 2.2 atmosphere. For smaller particles,
the pressure will be much larger. Thus the capillary stress squeezes the smaller size
spherical particles to spin and move in the liquid infiltrant. The surface tension of bronze
enables the particles to reemerge to the surface. In consequence, as has been observed
many times in loose powder infiltration, the surface where the infiltrant bronze slab was
placed looked grayish as opposed to the shiny gold bronze color. That was an indication of
the small powders which were flowed to the surface. Because of such a rearrangement, it
is difficult to have the loose powders well structured in infiltrant matrix and so it may
appear to have infiltrant rich and particle rich regions (see Figure 2.17). Large voids in the
infiltration layer, as seen in the figure, may also be the result of the rearrangement. This
problem could possibly be solved if the loose powders are heavily compacted.
Base Powder / Infiltrant Density Effect. Certainly the situation particle
rearrangement becomes even more phenomenal when the base powder density is less than
that of the infiltrant. In the case of 316L powder (density = 7.9 g/cc), individual powder
will float in the liquid bronze (density = 8.9 g/cc) during infiltration due to the density
difference and lack of sintering skeleton. Even for the powders that are much denser than
bronze, such as small size (< 44 pm) tungsten particle (density = 19.3 g/cc), the same
phenomena was still observed as the small particles were floated by the surface tension of
the liquid bronze. Figure 2.17 and 2.18 shows 2 micrographs of infiltrated regions with
different types of base powder materials. It appears that the porosities after infiltration are
distributed in the bronze rich regions for lower density 316L base powder while for higher
density molybdenum powder (density = 10.3 g/cc) the situation is improved even though
porosities still exist.
Packing Density Related Problem. Theoretical packing density of loosely
packed spherical powder is about 60% [German, 1984]. The loose powder packing in the
3DP machine is about 56% to 58% as reported by [Michaels, 1993]. Loosely packed
powders tend to have larger pore radius and thus the equivalent capillary radius. From
Poiseuilles equation, it is shown that the distance of penetration is directly proportional to
capillary radius (see Equation 3.1). The large radius of capillaries increase the probability
that the infiltrant melt front will push through the infiltration stop interface. As a result,
there may be a transition layer with infiltrant gradient at the interface between infiltration
stop wall and infiltrated loose powder.
Limitation on Infiltration Technique. During the past year, the placement of
infiltrant had been changed from top to the bottom which produced much better infiltration
results with much less surface erosion. However, for loose powder, the infiltrant has to be
placed on the top surface of the part since the loose powders are contained in the cavity
surrounded by infiltration stop printed powders and the only open space is at the top
surface. Careful design of infiltration guide is needed to prevent over-spill of infiltrant to
the infiltration stop printed area.
Figure 2.17: A cross-section of bronze infiltrated 316L loose powder.
Figure 2.18: A cross-section of bronze infiltrated molybdenum loose powder.
2.7 Summary on Printing Infiltration Stop
The process of printing a complex metal tooling with infiltration stop and carrying
out the loose powder infiltration is only a deceptively simple idea because there are in fact
so many details that are however against the successful development of the process. These
details are the process constraints that needed to be overcome. The initial 2 layer
experiment only demonstrated the stop part of the process which was simply due to
different wetting behavior of the ceramic binder and infiltrant. However, the 2 layer
experiment also reveal the problem of powder removal for 316L as it sinters at the
infiltration temperature. Solving the powder sintering problem requires the physical
separation of particle to particle contacts. The most direct approach is to coat the base
powder surface with refractory metals. However, even if the base powders do not sinter,
there exists some fundamental issues that are related to the loose powder infiltration and
these issues essentially place the limit on the process development. For example, powder
rearrangement and density effect change the homogeneity of the infiltrated region. The
packing density affects the infiltration stop interface. Moreover, if the powders are not
coated uniformly by the infiltration stop, there might always exists an infiltrant gradient at
the interface as the infiltrant spreads over the powder surface as shown in Figure 2.16.
This also explains why the powders in the small internal channels of the molybdenum
demonstration units cannot be removed. These problems prevent successful printing of
tooling with internal cavities which, however, is one of the most important advantages that
3DP provides. Although the sintering stage can be eliminated and shrinkage can be
minimized (at least from the result of 2 demonstration units) in printing infiltration stops,
the benefits it provides simply cannot counter the problems that result from it. Certainly,
this process could still be used to produce rough tooling without internal cavities and fine
features but that does not provide much gains.
Coming to the dead end is not unusual in research projects. However, what is
needed for making any breakthrough is the creativity which allows researchers to look at
the other side of the problem.
2.8 Printing Infiltration Stop: An Alternative to
Make Porous Tooling
Professor David Parks of Mechanical Engineering at MIT once said, "If you know
fracture mechanics, it can be your friend." This statement can well be translated into the
development of porous tooling which changes the disadvantages of porosity into
advantages.
2.8.1 Background
Porous metals have been around for several decades. However in recent years,
their applications have been extensively explored and the technology of fabricating the
porous metals have also been advanced. Basically, the porous metals contain pores that are
either interconnected or isolated and the materials densities are less than their theoretical
values. A wide range of applications have already been found for using porous metals
such as filer media, self-lubricating bearings, catalysts, biomedical implants, heat
exchangers, and even construction materials for ship building and aerospace applications.
Other applications such as acoustic and thermal insulation have been seen in large isolated
pores metals such as foamed aluminum [Shapovalov, 1994].
On the other hand, the process of making porous material is a challenge to
manufacturers. Traditionally, the manufacturing of porous metals is primarily by powder
metallurgy technique or foam casting. Other methods including chemical deposition and
physical vapor deposition have also been used. A new casting method called the solid-gas
eutectic solidification process (the GASAR process) has been developed in Russia [Simone
and Gibson, 1995]. In the GASAR process, hydrogen is injected into the molten metal or
ceramic. When the molten material is cooled to the eutectic point, solidification and pore
nucleation occur simultaneously as hydrogen diffuses out of the melt. The pore size and
even orientation can be controlled by cooling rate and cooling direction. Therefore, in view
of the progress in porous metals technology, their varieties as well as their applications are
expected to be widened.
2.8.2 Emerging Tooling Applications
In recent years, the applications of porous metals have been set toward tooling
application as well, especially in plastic injection molding process. International Mold
Steel, Inc. (1-606-283-2253), recently promotes a permeable metal die material, named as
Porcerax II®, which was an 1994 award winning product from Sintokogio in Japan.
According to International Mold Steel, Inc., Porcerax II material can be inserted in the
injection molding tooling. During the molding cycle, trapped gas in the mold can be
evacuated from the porous material to minimize molding defects such as weld lines, short
shots, and irregular luster. Also using porous materials in injection molding tooling, AGA
Gas, Inc. (1-216-642-6600) introduced its patented TOOLVACTM technology in which a
liquid gas was pump through the mold as opposed to water in conventional method. As the
gas evaporate, much more heat was absorbed than that of water. However, no information
has been released on how to fabricate these porous mold steel but it is very likely by the
traditional powder metallurgy means.
Since the process of 3DP to fabricate the tooling is by the combination of rapid
prototyping and powder metallurgy technique, its potential to create a porous tooling is
very strong. Certainly more applications of porous tooling remain to be explored, current
development of infiltration stop in 3DP process provides a very unique opportunity.
2.8.3 Principle of Porous Tooling Fabrication
In order to make a porous tooling by 3DP, 2 binder materials are needed: one is the
polymer binder and the other is the infiltration stop, or ceramic binder. The major structure
of the tooling will still be defined by printing polymer binder on metal powders, which in
current process are Acrysol and 316L stainless steel powder, respectively. The region
where the porosity is needed will be printed with infiltration stop. At the present stage, the
infiltration stop used is silica binder but printing of multiple binders using 3D printing
machine remains under development. The idea of selectively printing infiltration stop onto
a polymer binder printed tool is shown in Figure 2.19, which depicts a cross section of a
conceptual thermoforming female mold. The printed part will then be fired to burn out the
polymer and sintered at 1275 "C. Afterwards it will be infiltrated with bronze. The wetting
characteristics of silica, as discussed in section 2.2.1, prevents the infiltration. This leaves
the infiltration stop printed layer porous, as in the sintered state. Finally, the infiltrated part
will be immersed in a caustic sodium hydroxide solution to etch out the silica. The
sintering of 316L powder printed with silica provides the skeleton strength for the porous
layer. The porous layer can be polished to provide a smooth surface.
Porous Layer Printed with
Infiltration Stop (Silica)
Vaccum Channel
Figure 2.19: A conceptual female mold of thermoforming made by 3D printing with
porous inner layer.
2.8.4 Two Layer Experiment to Test the Infiltration Stop
The first step in developing the porous tooling was to test the effectiveness of
infiltration stop. The 2 layer experiment was similar to the one used in infiltration stop
investigation (see Section 2.3). In the experiment, a 35 layer thick, or 6 mm, square block
was printed with Acrysol. After printing each layer, two infrared lamps were turned on to
dry the binder. This technique was designed to prevent bleeding. When the printing of
28th layer was completed, the infrared lamps were turned on for at least one minute to
completely dry the Acrysol printed block. At 29th layer, after the roller spread the powder
onto the powder bed, a plastic screen with only the square block exposed was laid on the
powder layer and the printhead was stopped. Instead, an ultrasonic atomizer was used to
spray silica onto the powder that was exposed through the plastic screen. The spraying
only lasted few seconds until a pool of silica binder was seen on the surface, which
indicated that the layer of powder was saturated with silica. The infrared lamps were again
turned on for at least one minute to dry the silica after the plastic screen was taken away
from the powder bed. Then the 30th layer of powder was spread and the process was
repeated. Finally, after 35th layer, the printing process was completed. Thus produced a
silica region on top of the Acrysol printed layers.
The printed samples were then undergone debinding / sintering in the furnace like
the conventional metal printing process. The samples were separated into 2 groups for
sintering at different temperatures, 1100 'C and 1275 °C, because it was not known how
temperature would affect the infiltration stop. Infiltrations were conducted by placing the
infiltrants at the bottom of the printed 2 layer samples.
Both groups showed successful results of the infiltration stop by silica. However,
the blocks were cut by a diamond saw to further verify the results. For the sample sintered
at 1100 °C, there is a distinct interface between an infiltrated region and infiltration stop
printed layer (see Figure 2.20). For the sample sintered at 1275 'C, however, the interface
appeared to have a transition zone from the fully dense region to the porous region. Many
hypotheses were suggested. A hypothesis was the diffusion of silica into the stainless steel
powder. However predicting the diffusion would be difficult and inaccurate because the
diffusivity parameters for silica and 316L stainless steel were not readily available in
references and the only way to verify through X-ray analysis. But, a more likely
phenomena was hypothesized. The blocks for sintering at 1100 TC and 1275 'C were not
printed in the same batch. For the block that was sintered at 1275 'C, the layers of printed
Acrysol were possibly not dry enough when excess silica binder was sprayed on its 29th
layer; therefore silica was able to wick through the bottom layers.
Figure 2.20: A SEM micrograph of the infiltration stop interface for a 2 layer experiment
sample sintered at 1100 *C.
Consequently, a green block which was printed in the same batch as the one
sintered at 1275 °C, and the infiltrated blocks which were sintered at 1275 0C, were
sectioned in half. The micrographs of the cross-sections were taken and are shown in
Figure 2.21 and 2.22. In the green block, the photo reveals a thicker than expected silica
printed layer as indicated by the arrow. After 7 layers of silica were printed, the intended
thickness would be 1.19 mm, printing 0.17 mm each layer. However, the thickness of the
white layer was measured as 1.7 mm. Looking at Figure 2.22, when the thickness of
porosity region was measured, it turned out to be around 1.7 mm. The observation of the
transition zone from a fully dense region to a high porosity region for a 2 layers infiltration
stop experiment is explained by silica wicking into insufficiently dried Acrysol layers.
Apparently, the control of the interface between the infiltrated stop (silica) printed layer and
Acrysol printed layer is needed. A complete drying of Acrysol printed layer is necessary
because the two binders, Acrysol and silica, are completely miscible with each other.
After the 2 layers experiment, the next step was to actually print a demonstration
unit which will be discussed in the next section.
1.7 mm
Figure 2.21: The cross section of an as-printed green 2 layer block. Note the white gel onthe top layer which indicates the presence of silica. The white arrow points to the
approximate interface between silica and Acrysol printed layers.
1.7 mm
Figure 2.22: The cross section of an infiltrated 2 layer block. The thickness of the layerwhere the porosity is present is about the same as the silica printed layer shown in Figure
2.21.
2.8.5 Printing the Porous Tool Demonstration Unit with
Infiltration Stop
After the successful 2 layers experiment, it was decided to further exploring the
porous tooling technique by printing a demonstration unit. Again since the printhead
technology of the 3DP machine was not available to deliver multiple binders, an ultrasonic
atomizer would be used instead and thus only a flat layer of porous region would be
printed, similar to the 2 layers experiment. To avoid the wicking issue at Acrysol and silica
printed interface, the 316L powder to be printed with silica was coated with 1 wt % of citric
acid to speed up the gelation of silica. Additionally, the first 2 layers of infiltration stop
region was only lightly sprayed to avoid excess silica wicking through the bottom layers.
The demonstration unit was designed essentially as a 2 layers block. However, a circular
straight channel with many circular branches of diameter 3.2 mm leading to the porous
layer was constructed in the Acrysol printed region. A design sketch is shown in Figure
2.23.
Figure 2.23: A 3D sketch of the porous tool demonstration unit (Porous layer is on top of
the part.).
After the unit was printed, it was consequently carried over to the furnace for
debinding / sintering and infiltration on stilts. Two units were created, one sintered at 1100
°C and the other sintered at 1275 *C. Both samples were successfully infiltrated and
stopped at the silica layer. Figure 2.24 (a) shows the sample which was sintered at 1275
°C, infiltrated with bronze, etched with NaOH to remove silica, and finally polished.
To test the: permeability of the porous layer, pipe fittings were mounted to the
channel. A compressed air line was connected to the fittings. As compressed air was
blown into the enclosed channel, the unit was placed under water. Vigorous Bubbling was
observed at the porous layer, which indicated the success of the infiltration stop. The test
is shown in Figure 2.24 (b). However, for the sample sintered at 1100 'C, air bubbles
were seen around the infiltrated region. This meant that the pores in the infiltrated region
were interconnected. In the powder sintering process, if final densification occurs and the
relative density has reached 95 %, the pores have sealed off [Ashby, 1991]. This
phenomena is analogous to the pores in infiltration. If the porous skeleton is not fully
infiltrated and if the relative density is less than 95 %, some pores present in the infiltrated
region will be interconnected. The reason for not being fully infiltrated in the 1100 'C
sintered sample was not known. However, the only difference between 1100 'C sintered
sample and 1275 °C sintered sample is their relative densities and the interconnectivity
between particles. Samples sintered at higher temperatures will have higher such values.
2.8.6 Identifying the Important Issues in Printing the Porous
Tooling
One of the major challenges for printing porous tooling is the interfacial issue. This
is always the case when two materials are being put together side by side. In the current
printing case, liquid silica binder and Acyrsol binder are fully miscible to each other.
However, if one of the binder completely gels, the two will remain separated. This can be
demonstrated by placing a droplet of Acrysol onto gelled silica, or vice versa. So a
complete drying of Acrysol printed layers neighboring the silica printed region is
necessary. Controlling the amount of silica binder delivered to the powder is also critical.
In the current development stage, using an ultrasonic atomizer is not an optimal solution for
delivery silica because controlling the amount of binder flow was impossible. For
instance, when the atomizer eject a shower of silica binder, it is hardly possible to control
the droplet size and target position whereas the printhead can deliver precisely the desired
amount of binder to the specific location on the powder bed.
When demonstrating the porous tooling under water, most bubbles were observed
at where the internal channels and the porous layer meet. This was actually a local effect
since there was a great air pressure inside the channel that push the air through the porous
layer. One solution would be to print a thick layer with silica. Another solution would be
to print numerous tiny capillaries underneath the porous layer. But they would only work
provided that the capillaries would not be clogged by infiltrant.
Another important concern on printing infiltration stop is the strength of porous
layer. Delamination within the porous layer was seen both 1100 "C and 1275 "C sintered
samples. This is an indication that the powder was not packed very well during printing.
Indeed, after the powder was coated with citric acid, the flowability of 316L powder was
greatly reduced. There is also a concern at the point where the internal channel meets with
the porous / solid layer interface as shown in Figure 2.25 (a). If the porous layer is too
thin, the layer may collapse under a stressed condition. However a reinforcement can be
printed, shown in Figure 2.25 (b), to support any compression force on porous layer. In
any event, higher sintering temperature should produce higher strength porous layer.
(a)
(b)
Figure 2.24: (a) The porous tooling demonstration unit. The top surface is the porous
layer. (b) Demonstration of the permeability of the porous layer under water.
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Figure 2.25: (a) Porous layer at the gas venting hole with no reinforcement. (b)
Reinforcement built into the porous layer.
Finally, if the porous layer is printed onto an injection molding tooling, the surface
finish will play an important role in determining the finish of the plastic part. In fact, a
Porcerax II porous mold steel sample was purchased for bench marking purpose. It was
found that the sample had a very uniformly distributed porosities and only highly polished
surface, that is, a very smooth surface finish would reveal these porosities. A microprobe
analysis of its material compositions are shown in Appendix F. In the 3DP demonstration
unit, however, the surface finish was not very good because the citric acid coated 316L
was not very flowable during powder spreading. Future study on the surface finish and
the porosity distribution will be required. Furthermore, there were also some surface
craters created by the air bubbles during rapid infrared lamp drying on the pool of silica
delivered by the atomizer. But this problem is expected to be solved when silica is printed
by a printhead.
Due to the 56 % packing density of printed powder part, the maximum porosity can
be achieved by a 3DP tool after sintering will be around 40 %. This is in fact an advantage
over the commercial Porcerax II® porous metal which has an average porosity of 23 %. A
detailed post-processing schedule for a 3DP porous tool will needed to be carefully devised
to maintain the desired porosity level.
2.9 Conclusions
Although the process of printing metal tooling using infiltration stop has proven to
be unsuccessful, its alternative usage in porous tooling has shown very promising results
and progress. In recent years, many patented new technologies that use porous materials in
injection molding process have emerged into the market such as Porcerax II® and
TOOLVACTM discussed in the preceding section. But these technologies are limited to
using the porous materials as a whole. Various machining processes like EDM and milling
are needed if these porous materials are used to construct the tooling. In contrast, an
injection molding tooling coming out of 3DP process already possesses the required
intricacies and the porous layer can be also printed in any designated location. Moreover,
the applications of 3D printed porous parts do not just end at injection molding tooling.
3DP can fabricate porous tooling for other forming process such as thermoforming,
compression molding and die casting. Even in the ceramic industry, a 3D printed porous
metal part has been suggested as a potential porous ram press for pressing the moist
ceramic clay to manufacture kitchen plates5 . The moisture can thus be absorbed by
capillary through the porous press.
However, the process is far from being fully developed. It is still awaiting the
development of printhead technology for printing multiple binders. When the part is
printed by using multiple fluids, improvements to the current demonstration unit will be
expected such as the interfacial issue and surface finish. From metallurgical point of view,
the issues of porosity size and distribution uniformity will still need to be addressed. The
clogging of molten plastic at the surface pores can be examined using the mounting press
technique discussed in Chapter 3. In addition, the porous surface is probably not suitable
for fabricating mirror-like plastic surface or transparent plastics, which is essentially one of
the limitations of the porous tooling. Other process parameters will also need to be
evaluated. For instance, how thick the porous layer should be printed for optimal
performance? What is the effect of sintering temperature on the state of pore space after
infiltration. i.e. interconnected pores or non-interconnected pores? What is the best surface
finish that can be achieved and will the surface porosities be smeared? Is powder coating
necessary for printing with silica? Is etching required and if it is, what preparation is
needed? These questions must be answered in order to develop a fully optimized process
and thus high efficiency porous tooling.
5 Mr. Michael Atkins, Director Product Engineering / Introduction, of Pfaltzgraff Company (1-717-792-
3544) suggested this idea.
Chapter 3
Rapid Tooling Fabrication Using
Epoxies
3.1 Motivation
When metal powders are chosen to use for making injection mold tooling by 3DP,
the post processing of the printed green parts is the critical path that leads to the final
successful fabrication of the tooling. The process, as mentioned before, involves
debinding and sintering of the green parts. The infiltration of metal alloy which has lower
melting point than the sintered base powder skeleton results in the fully dense metal
tooling. The total amount of time to operate the furnace to sinter and infiltrate a metal part
typically requires about 16 hours, giving 8 hours for each process. If we take the standard
rate of about $90 per hour for running the furnacel , the cost of carrying out the post-
processing is very high. Also, the preparation of the infiltration setup involves a significant
amount of work. The idea of using the epoxy as infiltrant in substitute of metal alloy is to
completely eliminate the furnace operation. The process is equivalent to fabricating a metal
filler / epoxy matrix composite but at a much lower cost than metal / metal composite.
Although the strength of the epoxy composite will be significantly lower than that of the
metal alloy infiltrated part, it is however expected that this composite is only applied to a
short production run in injection molding.
There are many varieties of composite materials which have been well developed
already. Although the composite materials are relatively more expensive than conventional
materials, their use remains attractive to engineering users due to the unique characteristics
of composite materials. In 3DP tooling research, part of our effort is to focus on the
development of Ultra Rapid Prototype Tooling. These tools are very likely to be made of
composite materials and in fact 3DP process provides the unique development
1 The information was obtained by personal communication with Mr. Sam Demeritt, Materials Research
Furnaces (MRF) 1-603-485-2394 on 7/18/1995.
opportunities. Because 3DP produces green porous parts using powder metal and
ceramics, simply filling the voids with different materials (infiltrants) will produce a
composite material part. In this way, the infiltrant is simply acting as the matrix and the
binder bound powder metal as the fillers. Unlike the anisotropic nature of conventional
composite, the spherical powder metal composite should still be isotropic but with a strong
strength reinforcement from the powders. Of course a question may be raised on what
kind of infiltrant should be used. Bronze has been the first infiltrant chosen for post-
processing printed metal parts. New research for different infiltrants such as nickel based
alloy is under development. However, processing infiltration requires a relatively long
period of time. Therefore, the ultimate goal of this project is to drastically reduce the post-
processing cycle time and turn out a fast 3D printed tooling without furnace operation. By
properly choosing the appropriate infiltrant, the cycle time can be reduced to several hours.
Under the constraint that no furnace operation is needed in this process, a reasonable choice
of infiltrant materials will be polymers. Epoxies were the first choice since they have a
great number of varieties and flexibility which will enhance the choice and design of 3DP
tooling.
3.2 Introduction to Epoxies
"Adhesives form an integral part of a wide variety of fabricated products," said Mr.
Gauthier of Raytheon Company [Gauthier, 1990]. Epoxy is one type of chemically
reactive structural adhesives. It was invented in late 1930s and the first commercial
production started in late 1940s. Since then the development of new types of epoxies have
proliferated.
Typically, an epoxy is provided with two parts: resin and hardener. Resin contains
many unsaturated functional groups. They are called epoxy, or epoxide groups. The most
common type is a-epoxy, or 1,2 epoxy type which is a 3 member ring structure containing
an oxygen atom attached to 2 carbon atoms [Goodman, 1986]:
CH2- CH2
These rings can be opened to form a three dimensional crosslinked structure, by special
acidic or basic materials which are functioning as reactive hardeners or catalysts for
polymerization that transforms the low molecular weight materials to a highly crosslinked
network. These hardeners are also called curing agents, or catalysts. In [Goodman,
1986], 4 common epoxy resins and 2 classes of curing agents are listed. The amount of
curing agent in proportion to the resin can be calculated based on their stoichiometric
relation. An example is given in [Goodman, 1986]. There are also some one component
epoxies in which the hardener is in the form of solid at room temperature and is insoluble in
the adhesive mixture. At elevated temperature, the hardener will melt and activate the resin.
Another way to make a one component epoxy is to introduce the curative precursor which
is inactive at room temperature and changes to a curing agent at curing temperature [Wright
and Muggee, 1986].
There are many advantages of using epoxy resins as structural adhesives, and as the
infiltrant for the tooling fabrication process. Below lists at least six areas in which epoxy
excels over the other thermoplastic or thermoset adhesives [Shields, 1984]:
* Has good wetting characteristics for many different types of materials.
* High cohesive strength that often exceeds the adherent strength.
* Minimum amount of volatile solvent materials in epoxy resins that reduces
the pressure build up during curing reaction.
* Compared to polyesters, acrylics and vinyl plastics, epoxy resins have
lower shrinkage.
* Has better creep resistance and strength retention than thermoplastic
adhesives.
* Could be easily modified with fillers and different combination of resins
and hardeners.
In the next section, some basics on different types of resins and curing agents will
be: discussed. The following sections describe the varieties of some basic resins and curing
agents, which are quite commonly used in adhesive industry, and as a result providing a
guidance for the selection process.
3.2.1 Epoxy Resins
A basic resin forms the backbone structure of the epoxy. It dominates the basic
properties of the finally cured epoxy. The basic structure of epoxy can be changed to meet
different desired plastic properties such as higher reactivity, greater crosslink density,
higher temperature and chemical resistance. The resin can also be formulated by adding
modifiers, elastomers, fillers or diluents to achieve better final properties. The following
paragraphs list some common commercially available epoxy resins [Goodman, 1986].
Diglycidyl Ether of Bishphenol A (DGEBA) Resins. These resins are
the: most common resins used today. They are difunctional, containing epoxide groups on
each end of the polymer chains. The commercial types are generally the mixture of
polymers that contain the repeating molecule units up about 20 [Savla, 1977]. If the
repeating units are less than 2, the resins exist as liquid which is easier for formulation.
Novolac Resins. They are synthesized by phenol-formaldehyde novolacs
which have a structure of high functionality. When cured with appropriate hardeners, they
have greater heat and chemical resistance than those resins derived from Bishphenol A.
However, when used alone, the resulting adhesives tend to be too brittle and so they are
usually used as modifiers in Bishphenol A resins [Meath, 1990].
Peracid Resins. The cyclic nature of this type of resins contributes to the high
cross-link densities. Their viscosity and color are lower as.compared to novolac and
Bisphenol A types. They are not used alone because of water sensitivity and brittleness.
Like novolacs, a series of resins are made for modifying Bishphenol A resins by alternating
curing rate, flexibility and heat deflection temperature. Those modified resins are called
acrylic aliphatic resins.
Hydantoin Resins. This type of resin is commonly found in structural
composites because of their ability to improve mechanical properties and increased
temperature resistance. Their popularity has been increasing in recent years.
Many other types of epoxy resins that have been synthesized based on glycerol,
polyglycol, and organic acids. Indeed, the epoxy technology has been advancing rapidly.
Many new high performance epoxies are being developed to meet the requirement of high
temperature and high humidity resistance.
3.2.2 Epoxy Hardeners
Equally important as epoxy resins, the epoxy curing agents control the type of
chemical bonds formed and degree of crosslinking which affect the physical, thermal and
electrical properties of the adhesives. They also determine the critical epoxy characteristics
such as the curing rate, degree of exotherm, gel time and formulation viscosity [Meath,
1990]. There are two classes of curing agents: alkaline based and acid based hardeners.
Table 3.1 lists these two groups of hardeners [Goodman, 1986].
Alkaline Based Hardeners Acid Based Hardeners
Primary and Secondary Aliphatic Amines Lewis Acids
Tertiary Amines (Lewis Base) Phenols/formaldehyde
Cyclic Amines Organic Acids
Aromatic Amines Anhydrides
Polyamides Polysulfides
Table 3.1: Two general types of epoxy curing agents.
The epoxy material handling is very much controlled by the type of hardener used.
An understanding of the hardener is necessary when designing the epoxy infiltration
process. In Appendix H, a table is listed that summarizes the application and characteristics
of some different epoxy curing agents.
3.2.3 Formulating Resins with Modifiers
The commercial success of epoxy is attributed to the great varieties of formulating
techniques. Different mixture of resins and curing agent can result in epoxies with different
properties. Adding the modifiers, reactive or nonreactive, to the resin can further optimize
the desired properties such as mechanical strength, curing rate, thermal and electrical
conductivities. The paragraphs below list some commonly used additives.
Diluents. Diluent can be reactive or nonreactive. The reactive ones participated
in the cross-linking and are very effective in lowering the viscosity. The nonreactive ones
do not participate in the curing process. Since they are sufficiently mobile in the resin, their
benefits may be offset because the diluents may migrate out of the polymerized resin. The
main benefits of the nonreactive diluents include viscosity and cost reduction, extension of
pot life and decrease in exotherm.
Fillers. Fillers are very important in improving the properties of the epoxy.
Different types of fillers have different characteristics for specific improvements. Generally
speaking, increasing the amount of fillers in the resin will increase its viscosity and
processing difficulties. For example, the impregnation of epoxy into powder metal does
required low viscosity to let the epoxy resin fill the voids. Table 3.2 summarizes some
benefits gained by adding fillers. A more complete list can be found in many references
[Goodman, 1986] [Wright and Muggee, 1986].
Effect of Fillers on Epoxy Properties
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Silica --
Mica
Talc & Calcium
Carbonate _ _-
Carbon & Graphite
Powder
Powder Metal L
Table 3.2: A partial list of fillers and their corresponding benefits.
Elastomer. The epoxy materials are general very brittle. Their fracture energy is
in the range of 80 to 200 J/m2 , as compared to 104 J/m 2 in 7075-T6 aluminum and other
metals. On the extreme end of the spectrum, the inorganic glass has fracture energies from
10 to 30 J/m 2 , only slightly lower than epoxies. Because of the brittle nature of epoxy
materials, new development has been made to improve the fracture toughness of epoxies.
Some elastomeric additives which are rubbery are formulated into epoxy resins. The
resulting fracture energies are increased to 2000 J/m 2 . A detail discussion of elastomer
modified polymeric resins can be found in [Ting, 1988].
3.3 Criteria In Selecting Epoxies
There are no clear signposts in guiding the selection of what kinds of epoxies
should be used for the Ultra Rapid Prototype Tooling. The process of selecting epoxies
can be borrowed from the materials selection process in the mechanical design. The
materials are first selected from the widest range of data for different kinds of materials in
the conceptual design phase. The next step is to select the refined set of materials for the
final design. However, in selecting epoxies the step for considering other kinds of
adhesives had been skipped. As a result, it is a matter of looking into many different
company catalogues and asking for samples for trials. The process is not an easy one. In
addition to the required ultimate physical and thermal properties 2, one additional factor that
needs to be addressed is the interfacial problem between epoxy and metal substrate, and
polymer binder from the printing machine. It is therefore important to generate a set of
constraints or requirements which could help in mapping out the epoxy selection space.
Unfortunately, some of the constraints are conflicting. For example, using filled epoxies
has many advantages but the viscosity is increased dramatically that increases the
difficulties for infiltration. The following paragraphs discuss some requirements that need
to be considered in choosing epoxies.
Hardness. The hardness of the epoxy is measured in scale Shore D, Shore A,
and Rockwell M. The comparison of the hardness is shown in the table 3.3 with reference
object.
Shore A Shore D Rockwell M Reference Object
30 Art Gum Eraser
50 15 Rubber Stamp
70 30 Rubber Heel
90 45 Typewriter Roller
100 55 Pipe Stem
74 0 Textbook Cover
78 32 Douglas Fir Plywood
86 95 Hardwood Desktop
90 125 Glass or Formica
Table 3.3: Hardness scale for testing the epoxy materials, and the corresponding objects
that have the equivalent hardness values (courtesy Ciba Geigy Formulated Systems Group
Selector Guide, 1995).
The high hardness value similar to the glass implies a epoxy's brittle nature. However, for
tooling applications, the hardness from Shore D 80 to 90 is considered.
Viscosity. The viscosity is one of the important factors that controls the epoxy
infiltration into the porous green parts. The lower the viscosity, the easier the infiltration.
Almost all the commercially available epoxies are above 200 centipoise (cps). Generally
speaking, high viscosity epoxies 3, 1000 cps, have higher service temperature and hardness
2 Electrical properties of epoxy is not much of a concern to the application of rapid injection molding
tooling.
3 In. fact, in epoxy industry high viscosity means the epoxy has a viscosity above 10000 cps. But from
infiltration point of view, 1000 cps epoxy is considered very high.
than the low viscosity ones, those from 200 to 500 cps. In some cases, higher viscosity
epoxies also have longer pot life and therefore a longer gel time so that the viscosity can be
lowered by heat. As a result, epoxies with viscosity from 1000 to 2000 cps can be
considered. Different viscosity ranges compared with reference objects are summarized in
Table 3.4.
Viscosity (centipoise) Reference Object
1 Water
20 Transformer Oil
100 SAE 10 Oil
500 SAE 30 Oil
2500 Pancake Syrup
10000 Honey
25000 Chocolate Syrup
250000 Peanut Butter
>1000000 Paste/Caulk
Table 3.4: Viscosity values and the corresponding reference objects (courtesy Ciba Geigy
Formulated Systems Group Selector Guide, 1995).
Service Temperature. During the injection molding process, the molding tools
will have to sustain the melt temperature of thermoplastics being injected. Therefore, there
will be a minimum temperature that the epoxy needs to be resisted. Two temperatures are
frequently stated in epoxy company catalogues: heat distortion temperature and glass
transition temperature. Heat distortion temperature [ASTM D648-72] is measured using
the samples of dimension 127 mm long by 12.7 mm wide with thickness in range 3.2 mm
to 12.7 mm being 3-point bend in the center of the beam. The temperature at which the
epoxy sample sags 0.2 mm in the center is called heat distortion temperature or deflection
temperature. On the other hand, glass transition temperature (Tg) of some epoxies can be
20 to 60 'C higher than the distortion temperature. In exceptional cases, it has been
reported that some expoxies can resist a temperature of 50 °C higher than Tg without any
loss of strength (Kaelble, 1988). In general, Tg of an epoxy is close to its cure
temperature. For this research, the epoxy with glass transition temperature between 100 'C
to 200 'C is needed.
Thermal Conductivity. The thermal conductivity of an unfilled epoxy is 1000
times less than that of aluminum. Filled epoxy could raise the conductivity by a factor of
10 but it is still very small compared to typical metal alloys. For the fast tooling
fabrication, 60% of the volume is occupied by metal powder, left with 40% volume of
epoxy. Since the powder metal is acting as the filler, it is postulated that the tool will have
comparable or higher thermal conductivity than commercially available filled epoxies. A
general survey of thermal conductivities of epoxies as well as other ceramics and metallic
materials is shown in Table 3.5.
Subject Thermal conductivity (W/m-K)
still air 0.029
unfilled epoxy 0.17 - 0.2
silica filled epoxy 0.42 - 0.84
alumina filled epoxy 0.63 - 1.05
silver filled epoxy 1.73
alumina 34.2
alloy steel 59.8
copper 380.5
Table 3.5: Thermal conductivities of various subjects (courtesy Castall, Inc. and Bolger,
1990).
Coefficient of Thermal Expansion. The coefficient of thermal expansion
(CTE) of epoxy is ranging from 5 to 100 x 10-6 in/in/F while 316L powder is about 8.9 x
10-6 in/in/F at 100 TC. Therefore, thermal expansion coefficient should not be an issue for
infiltration when low CTE epoxies are used.
Other physical and chemical properties such as shrinkage and exothermic heat
release during curing are not always available from the material data sheets. However, the
epoxy used for infiltration should have minimum shrinkage and heat release during curing
process.
3.4 Epoxy Infiltration
3.4.1 Predicting the Rate of Infiltration
Unlike a metal alloy infiltrant such as bronze which has viscosity near water at melt
temperature, about 2 to 3 cps [Geiger and Poirier, 1973], epoxies often have higher
viscosities, greater than 1000 centipoise. High viscosity imposes a major barrier to inhibit
the: infiltration; its effect must be determined. On the other hand, capillary pressure,
wetting angle and surface tensions are all important factors that affect the infiltration.
Semlak and Rhines (1958) modeled the powder compact as a bundle of capillary tubes
based on Poiseuille's law and Lignza and Bernstein's differential equation of motion to
determine the rate of capillary rise of fluid infiltrant in powder compact. The derived
relationship is shown in Equation 3.1.
h ~ tycose (3.1)277
Where
h = distance of capillary rise.
Rc = capillary radius.
y = liquid-vapor interfacial tension.
fl = viscosity of the fluid.
e = contact angle.
t = time required to penetrate the distance h.
Apparently, the infiltration distance is inversely proportional to the viscosity of the
liquid. Assuming the capillary rise is a fixed distance for the powder metal samples, higher
viscosity would require a longer time of infiltration. But this will impair the infiltration
process since many epoxies will start to gel. Furthermore, the wetting characteristics of
epoxies relative to the substrate also determine the flowability of the epoxies in a porous
media. It is obvious that there are two main driving forces for infiltration: interfacial
surface tension and viscosity. Delannay, et al. (1987) had an interesting discussion on
physical chemistry aspect of wettablility of solid by liquid infiltrant in fabricating the metal
matrix composite in which the molten metal was impregnated into the layers of
reinforcement fibers in the form of carbon, alumina, or silicon carbide. As expected, the
liquid metals often do not wet the fibers and so external pressure is needed to force the
infiltration [Delannay, et al., 1987]. To account for the pressure term in predicting the rate
of infiltration, they then modified Semlak and Rhines' equation (3.1) by adding an extra
differential pressure as one of the driving force. Again the capillaries in porous media are
modeled as straight fine tubes, with external pressure applied in the process, the equation
the:n becomes:
h= R 47Ct1AP+ (3.2)
where
AP = applied pressure
2ht = tortusity factor
Assuming a non-wetting case, where cosO = 0, the only driving force will be the
external pressure applied. Rearranging the Equation 3.2, it becomes:
(3.3)
Given AP = 0.1 MPa, Rc = 30gm, and h = 10 mm, the result is plotted in Figure 3.1.
Figure 3.2 shows another curve that is plotted by varying the infiltration distance (h) but
fixing the viscosity (1200 cps), while the other parameters are the same. In the plot, the
infiltration distance can be obtained in correspondence to different time. The model
presented here is a very rough estimation of infiltration distance and time. But it does give
an order of magnitude which should be close enough to the actual values.
Infiltration Time Versus Epoxy Viscosity
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Figure 3.1 Time of infiltration to 10 mm depth versus viscosity at 1 atmosphere pressure.
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Figure 3.2: Infiltration distance versus infiltration time, with a 1200 cps epoxy.
Based on the results of the model, even though the epoxy is not wetting the
stainless steel surface, the atmosphere pressure could still push the liquid in. In the case of
1000 cps epoxy that was used in later experiments, it should require about 99 seconds to
infiltrate 10 mm. In Section 3.5.2.3, some actual experimental values are compared with
the predicted values and they are found to be in the same order of magnitude. To fully
ensure that the epoxy penetrates into the porous powder media, the techniques of
infiltration should be investigated.
3.4.2 Viscosity and Wetting Angle Measurement
During the development of epoxy infiltration, glycerol was once used to substitute
epoxy to simulate the infiltration. The purpose of that simulation was to investigate the
effect of viscosity on the infiltration. As a result, there was a need to verify the viscosity of
the glycerol and the epoxies. Assuming the flow of the viscous fluid was laminar which
could certainly be checked after the viscosity was found, the volumetric flow of the fluid in
a circular tube with a length of L is defined as:
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Where
T1 = viscosity
p = density of the fluid
D = diameter of the tube in which the fluid flows
Q = volumetric flow
AP = applied pressure
L = the length of circular tube
m = mass flow rate
Rearrange the subject to obtain the viscosity:
7cD4 t
77= p(AP+pgL) 7 D 4 t (3.6)128L m
where
t = duration of measurement
m = mass of fluid flowed at duration t.
In fact, it can be confirmed that the flow is laminar by calculating its Reynold's number
after the viscosity was found. Reynold's number is defined as:
Re = pVD (3.7)
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In the equation, V is the velocity of the flow. If the number is less than 2100, the flow is
laminar. Using Equation 3.5 as the basis, a setup was constructed to measure the fluid
viscosity, which is shown in Figure 3.4.
To help understanding the wetting characteristics of the epoxies, their contact angle
was also measured. The setup shown in Figure 3.3 for measuring wetting was essentially
the same as what Jim Bredt (1995) did in his Ph.D. thesis. The monitor was used to focus
the image and adjust the position of the camera while the software ran at the Macintosh
captured the epoxy droplet image. The wetting angle was then measured by recording the
angle of the epoxy droplet at the stainless steel plate on the print out photo.
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Figure 3.3: Wetting angle measurement for epoxies.
Pressure Gage
Pressure I
Timer
Figure 3.4 Viscosity measurement setup
3.4.3 Infiltration Technique
The previous section discussed the model that described the effect of viscosity and
wetting on epoxy infiltration. Certainly if the uncured epoxy resin is as inviscid as water,
there will not be any problem of infiltrating epoxy into the porous green parts.
Unfortunately, most liquid epoxies have viscosity above 200 centipoise. Therefore, a
process of introducing liquid epoxies should be first designed.
In [Khanuja, 1991], solution infiltration was studied using solvent based polymer
for infiltrating Boron Carbide. In his experiment, the infiltrant was 25 wt % Crystal Bond4
dissolved in acetone. The infiltrated sample was then dried in oven at 60 "C to evaporate
the solvent. However this technique failed to achieve fully dense microstructure due to the
15% residual porosities. But even after the third infiltration, the residual porosity was only
leveled off at about 10%. The presence of porosity is inevitable because of the evaporation
of solvent. A pre-ceramic binder named vinylic polysilane (VPS), suggested by [Cima,
1995], which could have very low viscosity was considered to substitute for epoxy.
However, many reasons were opposed to its use. VPS is unstable under atmosphere
pressure and it requires a furnace operation to cure the resin at a temperature around 500 'C
to 600 *C. Similar to the solution infiltration process mentioned aforehand, VPS needs to
be dissolved in solvent and so repeated infiltrations are again required to fill the pores after
the solvent is evaporated.
In electronics industry, using epoxies on electronics components had became a
standard practice for various applications. Epoxies offer good dielectric constant, superior
adhesion, and corrosion and stress resistance properties for protecting the circuits
components. There are several different ways of proctecting the electronics with epoxies.
They are summarized in the following table [Lee, 1988]:
4 Crystal Bond is manufactured by Aremco Products, Inc., P.O. Box 429, Osssining, NY 10562 (1-914-
762-0685). It is made by polymerization of ethylene glycol phthalic anhydride.
Table 3.6: Different methods to embed electronics components with epoxy (courtesy Lee,
1988).
Among aforementioned methods, impregnation seems to suit to our needs since we
require all voids to be filled with epoxy. In fact, impregnation is not new to the epoxy
industry. In Loctite's catalogue5, impregnation is defined as "a vacuum processing
technique that seals the objects" and Loctite has a proprietary system, namely Loctite
Impregnation System (LIS), to carry out such process. In fact, Struer6 also sells a special
equipment for impregnation, which is actually identical to the home-made laboratory setup
for epoxy infiltration. Certainly, even though the porous media could be different, the
process physics of vacuum infiltration is the same. The fundamental process steps are
depicted in Figure 3.5.
5 Locite is an adhesive manufacturer. 1-800-562-8483.
6 Struer is a metallography equipment manufacturer in Netherland. US contact: 1-800-321-5834.
Method Description
Coating (usually by dipping) with a curable or hardenable
Encapsulation coating, 10-50 mil thick.
Impregnation Part completely immersed in resin so that all interstices are
thoroughly filled. Vaccum and or pressure are used.
Casting Catalysed liquid poured into a mold. Assembly assumes
shape of the mold, which can be reused.
Potting Similar to casting except that the catalysed liquid is poured
into a shell or housing which becomes a part of the unit.
Transfer Molding Process of transferring a catalyzed material. Under
pressure into the mold that contains the part.
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Step 1. Vacuum the air inside the chamber that contains the green metal sample
evacuated void
Step 2. Vacuum infiltration under capillary tension
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Step 3: Infiltration under atmosphere pressure
Figure 3.5: Basic physics for Epoxy Infiltration
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Based on the aforesaid physical concept, the air is first evacuated from a chamber
that contains the as-printed metal sample. Then the epoxy starts to flow in and the
capillaries suck the epoxy into the porous medium while a high vacuum is still maintained.
After the bubbling of the epoxy settles, release the vacuum and the liquid is under an
atmospheric pressure to completely fill up the evacuated voids. Using these basic steps, an
infiltration setup was built for epoxy infiltration. If 99% of air is pumped out of the
chamber, the pressure inside must be 1% of 760 mm Hg of standard atmosphere pressure7
which is 7.6 mm Hg or 7.6 torr. Because of the resolution required for such reading, a
home-made manometer was also constructed to meet the need. The setup is illustrated in
the following Figure 3.6.
To Vaccum Pump
Mercury
Manometer
I
Epoxy
Reservoir
316L Powder Sample
Figure 3.6: Epoxy Infiltration Setup
7 Although the standard pressure varies daily, we assume it to be constant for our calculation purpose.
3.5 Experimentation with Epoxy Samples
3.5.1 Metal Samples Preparation
After the technique for infiltrating the epoxy was established, many adhesives
companies were called for samples and technical advice. Meanwhile, initial experiments of
printed green metal part with epoxy showed that the polymer binder Acrysol 8 was
dissolved by the epoxy and the green part was slumped during curing. It was then decided
that the initial metal samples should be prepared by partially sintering the metal powders at
1000 °C for half an hour to create a porous metal sample . In all the latter experiments
however, metal samples were then prepared by mixing slurries of metal powders with
Rophlex 9 and were subsequently dried in the oven. The results was good when the
Rophlex bound green metal parts stay intact during curing, as opposed to the complete
collapse for Acrysol samples.
3.5.2 Epoxies Selection
When the concept of 3D printed metal / epoxy tooling was generated, there was no
clear idea of which epoxy could be used for infiltration. In epoxy alone, there could be
thousands of different combination of resins and hardeners that produce various properties
and types, not to mention the amount of other types of polymer adhesives. However, by
generating a set of constraints such as viscosity and servicing temperature on the epoxy
selection made the selection process more focus and systematic. There were several
suppliers who had been providing some useful information on epoxies. One of them is
Adhesive Engineering (1-800-333-GLUE) and the other is Ciba Geigy product information
(1-800-248-1306). A complete directory of vendor resources for this research project will
be listed in Appendix E. The following sections discuss some of the epoxies that had been
evaluated with.
3.5.2.1 Low Viscosity Epoxies for Preparing Metallographic Samples
The first two epoxies were from United Resin Group and Struers. Those epoxies
had mixed viscosity from 200 to 500 cps. They were being infiltrated successfully into the
green metal parts. However, they suffered from low hardness and thus low mechanical
strength. More importantly, those resins had very short pot life which gelled quickly after
infiltration and therefore seriously shortened material handling time. There was also a mass
effect in which the mixed resin started to react soon after a large amount, say 100 grams, of
8 Acrysol is a textile adhesive product from Rohm & Hass Co. 1-800-888-0548.
9 Rophlex is a textile adhesive product from Rohm & Hass Co. 1-800-888-0548.
resin and hardener were mixed. Other problems included high exotherm, large shrinkage,
and volatility at high vacuum. As a result, new epoxies needed to be searched.
3.5.2.2 Filled Epoxy for Tooling
Due to some negative characteristics of low viscosity epoxies, somewhat higher
viscosity epoxies were then searched. Ciba Geigy's Epo-Cast XR / XH 127710 sample
was ordered. This was a filled epoxies which included silica, aluminum oxide and
antimony trioxide which made up the white color. During the infiltration fillers in the resin
were being filtered out by the porous metal powders, leaving a thick layer of white skin on
the surface. This phenomena was obvious when the mixed epoxy was placed on a tissue
paper. It did not take too long to observe that a large area of paper was wet by the
yellowish resin just like an oil droplet on the paper whereas the viscous white fillers
remained unflowing at the same place. In other words, the capillaries of the tissue paper
absorbed the resin and filtered out the fillers. Unless the fillers were extremely small,
infiltrating filled epoxy had been found difficult. Furthermore, the filled epoxies tend to
have larger wetting angle, which adversely affects its flowability in the porous media.
Both mixed viscosity and wetting angle had been measured for XR/XH 1277. The mixed
viscosity which was measured by a home-made setup was found to be 1800 centipoise
(using Equation 3.6, D = 0.077 cm, L = 20.5 cm, AP = 25 psi, p = 1.6 g/cc) while the
stated value in the company pamphlet was 1550 centipoise. The contact angle of a drop of
the epoxy on a flat stainless steel was also measured as 800. The photo was captured in
Figure 3.7.
10 Epo-Cast is a family of Ciba Geigy epoxies. The resin is XR 1277 and the hardener is XH 1277.
Figure 3.7: Contact angle of a silica filled epoxy (XR/XH 1277) on a stainless steel plate.
3.5.2.3 Unfilled High Temperature Epoxy
In this epoxy infiltration development, it is straightforward to recognize that the
metal powders are themselves the fillers after infiltration, even though with much larger
sizes than the commercial ones. In addition, to minimize the variables that affect the
infiltration, unfilled epoxies should be for all the future research. A Ciba Geigy chemist
recommended a general purpose unfilled adhesive resin, namely Araldite 6010, which main
component was the DGEBA resin. He calculated the resin / hardener part by weight ratio
using the curing agent XH 1277 which was an acid anhydrite hardener. Since this
combination was not listed anywhere in Ciba Geigy catalogue, a brand new epoxy was
therefore introduced. There were two main advantages. First it stood vacuum processing.
Second it had a long pot life, more than 8 hours. It was assumed to be a strong epoxy, but
Ciba Geigy did not have any of the physical or thermal properties for this customer
specialized resin / hardener combination. Using the home-made viscosity measurement
setup, the mixed viscosity was found to be 1000 centipoise (using Equation 3.6, D = 0.077
cm, L = 15 cm, AP = 20 psi, p = 1.1 g/cc). The contact angle measurement was also
carried out and it was found to be about 30 . The photo is shown in Figure 3.8.
While doing wetting angle measurement, an interesting test was also performed. A
droplet of Araldite 6010 / XH 1277 epoxy was placed on an as-printed metal green bar in
open air and then observed the infiltration of the epoxy by capillary stress alone. The
snapshots of the sequence of infiltration was then recorded by a CCD camera, and are
shown in Figure 3.9. After 3 minutes, the droplet completely disappeared as it was sucked
into the substrate. The substrate was then sectioned and seen that the epoxy penetrated
more than 3 mm deep. This did not match exactly what the model in Equation 3.2
predicted. Using the assumed parameters ( AP = 0, Rc = 10 gm, y = 100 mJ/m 2 , 0 = 300,
"1 = 1000 cps, t = 180 seconds), the capillary rise, h, was calculated as 5.6 mm. By
adding AP = 1 atm, the model predicts the rise of 14 mm. However, by vacuum infiltrating
an Acrysol printed green 316L cube and subsequently leaving under 1 atmosphere for 3
minutes, the depth of penetration was about 5 mm. Apparently the actual flow of epoxy is
much slower than the predicted value even though the epoxy will eventually fill up all the
pores. However, it was understood that the real flow of the epoxy in the porous metal
substrate was three dimensional as opposed to the flow in the one dimensional straight
capillary tubes assumed in the model. Therefore, the difference was expected and they are
within the order of magnitude.
Since this Araldite epoxy gave very good infiltration results and handling properties
due to its good wetting characteristics and long pot life, all the future epoxy infiltrations
were all based on this new resin / hardener combination unless otherwise stated.
Figure 3.8: Contact angle of an unfilled epoxy (Araldite 6010/XH 1277) on a stainless
steel plate.
after 5 seconds
after 45 seconds
after 3 minutes
Figure 3.9: Snapshots of a drop of 1000 cps epoxy on an as-printed metal powder
substrate. Note the time taken the droplet to completely disappear.
3.5.2.4 Other Epoxy Samples
With all the epoxy samples mentioned above, one common phenomena was
observed that the particles at the surface were pulled out during the polishing process. To
solve the pull-out problem, which will be discussed in the next section, some other epoxies
were also investigated. One was from 3M aerospace division, where the researchers
developed a very strong one component epoxy, PR500, for Resin Transfer Molding.
PR500 has been used on commercial jet, like Boeing 777 and therefore it costs much more
than other epoxies. Certainly, its strength was supposed to be higher and tougher.
However, its drawback for infiltration that it required the heat up to 160 'C to melt the
catalyst which was white solid at room temperature. But this epoxy was very sensitive to
temperature change. The viscosity would rise drastically once the temperature dropped
below 160 'C. This would mean that both infiltration setup and green powder sample
would need to be heated up to 160 'C, which complicated the process. There were also
few customer formulated epoxies from Epoxy Technology Inc., but all failed to make any
improvement.
3.6 Solving the Pull-Out Problem
From the preceding discussion, one of the major reasons for continuing the search
for the epoxies was because of the particles falling out of the infiltrated sample surface
during the polishing process, which was called pull-outs. The pull-outs at the surface of an
epoxy injection mold tooling, for instance, may lead to low wear resistance, rough surface
finish, and difficult separation between mold and plastic parts. A typical pull-out picture is
shown in Figure 3.10. In that figure, the powder is 316L which are bound with Rophlex
and then infiltrated with the Araldite epoxy. The percentage of pull-out is about 32% which
represents the area fraction of the pull-out holes on the polished surface. However, the
amount of pull-out is a relative quantity since there is no clear understanding on how much
pull-out is acceptable for tooling applications. Of course the less the occurrence of the pull-
out, the better. Consequently many techniques have been investigated to solve the pull-out
problem. But before start a search for the solution, an understanding of what is going on is
needed.
Figure 3.10: A typical pull-out picture of spherical 316L stainless steel bound with
Rophlex and infiltrated by Araldite 6010 / XH 1277 epoxy. The white color indicates the
stainless steel powder and the dark color indicates the pull-out holes.
3.6.1 Mechanisms of Particles Pull-Out from Epoxy Infiltrated
Green Parts
3.6.1.1 Understanding the Adhesion Fundamentals and Searching for the
Sources of Pull-out Failure
Before discussing about the failure mechanisms, it is necessary to understand the
basic physics of what forces are holding the powders together after the epoxy cured. In
adhesion fundamentals, there are four general bond types between the adhesive and the
adherent [Gent and Hamed, 1990]:
1. Immiscible Planar Substrates. Liquid adhesives and a molecularly
smooth surface on which the adhesives are placed are totally immiscible. The adhesion
force comes from the intermolecular force of attraction which is called intrinsic adhesion.
2. Immiscible Substrates with Rough Surface. In contrast to a smooth
surface, the substrate surface has the shape of peaks and valleys. Therefore, in addition to
the intrinsic attraction, mechanical interlocking provides another strong bonding force if the
liquid adhesive completely wets the rough surface.
3. Partially or Fully Miscible Substrate. When the adhesive and adherent
are compatible to each other. Interdifussion occurs at the molecular level that forms an
interphase to provide a strong affinitive force.
4. Immiscible Substrates with Chemical Reaction. Both adhesive and
adherent contain chemicals which can react to fonnrm a new phase that joins these two
different materials together.
The type of bond between 316L stainless steel and epoxy should be Type 2 where
mechanical interlocking is playing an important role. The process of fabricating the epoxy
tooling started with using a thermoplastic polymer (Rophlex) which was mixed with
powders as a slurry and dried consequently. The dried sample is then infiltrated with
epoxy. Therefore, there are essentially 3 layers of materials as shown in Figure 3.11.
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Figure 3.11: Two 316L stainless steel particles bound by Rophlex and epoxy.
As seen in the figure, there are two obvious bond interfaces on Rophlex coated
powders: 316L stainless steel substrate / Rophlex, and Rophlex / epoxy. Certainly in some
areas where Rophlex is not present, there is an additional interface of 316L substrate /
epoxy. The strength of the interfaces will determine how strong the adhesive can hold the
powders. In early samples preparation, the infiltrated samples were usually diamond-saw
cut in half and then polished to observe the cross section. Since the width of a diamond
saw cutter was about 500 jim, it was inevitable that many particles were pushed off by the
cutter. Later, cutting was avoided and just the surface of the infiltrated sample was
polished. However, significant pull-outs were still present. It was therefore worth
investigating the pull-out mechanism in order to minimize its amount.
All failures happen at the interface between adhesive and the adherent. There are
many factors that could lead to weak bonding [Lewis, 1988]:
* Impurities and low molecular weight materials concentrated at the substrate
surface.
* Air entrapment.
* Oxide layer with weak cohesive strength on the substrate surface.
* Chemical deterioration / corrosion between polymer adhesive and substrate.
One other possibility for weak interface could be due to inadequate curing. From
rheological point of view, the joint strength between the epoxy and substrate increases
exponentially as a function of curing time as shown in Equation 3.8 [Lewis, 1988].
f = f. - (f. - f )e -  (3.8)
where f,, is the equilibrium strength, f is the initial strength, c represents the time of glass-
transition point which is the function of activation energy and absolute temperature. It can
be seen the strength rises asymptotically with time t.
Given 3 different interfaces (316L / Rophlex, 316L / epoxy, epoxy / Rophlex),
failure could happen at each of the 3 different layers. It is important to know which is the
weakest layer that leads to the interfacial bond failure. A shear test and qualitative SEM
observation were performed.
Shear Test. A quick quantitative test on the adhesive strength was by shear test.
A thin sheet of stainless steel was cut in 6 strips. The strips were then thoroughly cleaned
with acetone. One pair of strips were bonded together by epoxy only. The other two pairs
were coated with Rophlex first and then bonded with epoxy. The difference between the
two was the thickness of the Rophlex coating. The test setup is shown in Figure 3.12.
Stainless steel stries
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Figure 3.12: Shear test setup to test the adhesive strength on stainless steel substrate.
But after the thicker Rophlex coating was dried, there appeared a lot of trapped air
bubbles at the polymer / stainless steel interface. The strips were pulled with a hand held
force gage. The strip with thick Rophlex coating was the weakest as it failed with only 5
lbs. The strips with only epoxy and thin Rophlex coating were equally strong as the force
exceeded the gage range which was 40 lbs. Therefore the results was inconclusive unless a
rigorous experiment setup was needed such as using Instron test and many more testing
samples. But the result did demonstrate the basic principle that the presence of air bubbles
at the interface could severely weaken the strength of the adhesives.
SEM micrograph. A macroscopic mechanical test could not reveal what actually
was going on at the interface. But a SEM picture could give a very detailed view of the
pull-out site. Many pictures were taken at the holes where the metal particles fell out.
Detailed photos of epoxy pull-out holes from the epoxy samples, one was Rophlex bound
316L powder and the other was sintered, were shown in Figure 3.13 and 3.14
respectively. The sintered sample shows a much cleaner and smooth epoxy surface than
the one with Rophlex. The debris shown at the Rophlex sample surface appears to be the
residue from fractured Rophlex / substrate interface. It was possible that the formation of
voids at the interface results in the debris. Figure 3.15 depicts a macroscopic of Rophlex
gelation on the 316L powder surface and Figure 3.16 shows a microscopic picture of
trapped air pockets at the Rophlex / 316L interface. As the single 316L powder is
separated from the interface, it leaves Rophlex remain on the epoxy surface. On the other
hand, the pull-out surface of the sintered sample is essentially the replica of the a 316L
particle surface topography, which can be seen by the direct observation of a pure 316L
particle. The smooth pull-out surface indicates that the mechanical interlocking did not
provide a strong bonding.
The results of the observation conclude that both epoxy / 316L and Rophlex / 316L
do not have very strong adhesive interfaces. The failure could be due to a mixed cause but
the presence of air bubbles at Rophlex / 316L might hint the incomplete wetting which
needed to be addressed since Rophlex was chosen to be the sole binder for fabricating
epoxy tooling.
Figure 3.13: An enlarged view of a pull-out hole of Rophlex / 316L sample infiltrated with
epoxy.
Figure 3.14: An enlarged view of a pull-out hole of sintered 316L sample infiltrated withepoxy. The white porous material seen at the embedded particle is the fracture surface of a
sintered neck.
Figure 3.15: A macroscopic view a Rophlex gelation on 316L powder surface.
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Figure 3.16: A hypothesized microscopic view of Rophlex / 316L interface.
3.6.1.2 Hypothesis on the Pull-out Mechanism
Once the source of failure had been identified, it became a relatively simple matter to
understand how pull-out happened. Assuming here that the pull-out took place when the
epoxy infiltrated 316L sample was being polished against the silicon carbide sand paper.
The pull-out began with the external force that was applied to the sample. One was normal
force from the polishing person who held the sample and the other was the friction from the
sand paper. A SEM micrograph revealed that the silicon carbide insertions were very sharp
irregular particles which provided an effective abrasive force to the sample surface. In
addition, owing to the different material removal rate, the epoxy was much easier to be
grinded off than 316L powders. As shown in Figure 3.17, there existed a level difference
(h) between the top surface of the metal particle and the epoxy surface as the particle bulged
out a little. This left a space where A could contact the particle and creating a pushing
force. Meanwhile, there was a normal force from the sample holding force. The resultant
force caused the particle to slide at C if the adhesive force was weak. But if the adhesive
force was strong enough to hold the particle, either the inclusion of point A would fall out
from the sand paper or it would chip off small pieces of 316L instead. As point B arrived,
it created a similar effect as what point A did, but with an additional impart force to the
particle. The sand paper was mounted on a rotor which was rotating at least 150 RPM.
With continuous impact and pushing, the particle would eventually spin off from the weak
epoxy / 316L joint. In reality, there were more than one silicon carbide / 316L particle
contact at any instance. The direction where the particle spun off would be unpredictable.
In addition, gaps around the particles were observed, typically with a width of 0.1 to 0.5
ýpm, that might allow the particle to spin off the substrate more easily. Its formation might
be the result of the shrinkage of the epoxy, the grinding motion, or small particle
movement. The real cause was unknown. Also in some cases, if there were many
particles surrounding the falling one, they provided some reinforcement to withhold it.
While in other cases, if the surrounding particles had weak interface bond, they would fall
out altogether. That was also typically observed on the pull-out surface.
After polishing for a while, the pull-out rate decreased to a minimum when the
epoxy infiltrated 316L acted as the counter abrasive to the sand paper that many silicon
carbide inclusions fell out as well. Of course different grinding media produced different
amount of pull-outs. However, the basic mode of failure was what has just been described
above.
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Figure 3.17: Force interaction between the silicon carbide inclusions on the sand paper and
the 316L particle in the epoxy substrate.
3.6.2 Minimizing the Pull-outs
3.6.2.1 Using Low Viscosity Anaerobic Adhesive
A very low viscosity anaerobic adhesive (methylacrylate) of about 9 centipoise was
applied to the surface of the green part and then infiltrated with epoxy. It was anticipated
that the methylacrylate would bind powders first before the epoxy infiltration. There were
three obvious problems. First, it was impossible to apply a low viscosity fluid to a
designed region of a porous media since the fluid would simply wick in. Second, not
enough methylacrylate would result in weakly cured part under the vacuum. This meant
that the part would have to be flooded with methylacrylate. Lastly, this technique added
too many adhesive layers to the powder bed which simply complicated the surface
chemistry of the interfacial layers.
3.6.2.2 Using Irregular Shaped Powders
As discussed in the previous section, the particle spun as it was pushed off from the
epoxy matrix. However, if the particles had some spikes on the surface, the spikes could
provide strong anchors to the epoxy matrix. In view of this fact, using irregular powders
was a viable solution to the pull-outs. Three sizes of copper spherical powders were
ordered, two irregular and one spherical. Their size distribution are summarized in Table
3.7 and the micrograph of non-spherical copper powders is shown in Figure 3.18.
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Table 3.7: Copper powders size range for pull-out experiment.
For each type of powders, two sets of samples were prepared. One was sintered at
800 "C for 10 min. and the other was bound with Rophlex. The Rophlex samples were
prepared by dropping liquid Rophlex onto the powders contained in a metallographic
sample holder. The powders were then dried and infiltrated with epoxy. The infiltrated
samples were then polished from the coarsest grid sand paper (80 grit) to finest one (600
grit) and finally polished with fine alumina powders. Previously, observing the pull-out
under optical microscope was difficult because of the light contrast that made the epoxy
substrate and the pull-out holes hardly distinguishable. To solve this problem, the polished
sample would be coated with gold by sputtering. For best results, the last fine alumina
polishing was necessary to provide very smooth coating surface. This sputtering setup
was intended to coat the non-conductive materials which would be observed using a SEM.
The amount of the holes on the micrograph was counted by using a point-counting
method (ASTM specification E562) [Vander Voort, 1984]. The results are summarized in
Table 3.8
SAMPLES
Spherical # 103
Irregular # 165
# 201
Average Pull-outs (%)
Sintered Rophlex Bound
4.68 15.11
4.74 4.44
4.00 4.44
Table 3.8: Copper particles pull-outs from epoxy infiltrated samples, both sintered and
Rophlex bound.
The pull-out surfaces of various types of powders are shown in Figure 3.19, 3.20,
and 3.21. Without surprise, spherical copper powders with Rophlex had the weakest
adhesion strength and thus the most pull-outs. But there was no obvious difference
between sintered and Rophlex bound irregular powder samples as the pull-out amount was
essentially the same. Therefore, using irregular powders immediately minimized the pull-
Powder Type - Approximate size range
Spherical (Alcan # 103) 325 gm < 43 % < 74 gm
Irregular (Alcan # 165) 53 % < 44 gm
Irregular (Alcan # 201) 89 % < 44 gm
outs and in fact the copper powders might help increase the thermal conductivity of the
epoxy infiltrated composite. As well, another approach would be to use pre-sintered
spherical powders. However that would violate the principal objective of epoxy tooling
which was to eliminate the use of furnace. On the other hand, using irregular powders
could sacrifice the packing density. Measurements of the powder packing, as well as, tap
density were therefore undertaken to see how much less the packing density of irregular
powders was compared to spherical powders.
A glass graduate was used to measure the volume of powders and the weight was
measured on a digital scale. The graduate was then mounted to a home-made tap densifier.
The motor rotated and vibrated the graduate for 2 minutes. The volume of the powders in
the graduate was then measured again. The densities were obtained by mass divided by
measured volume and percentage was calculated based on the assumed theoretical copper
density of 8.9 g/cc. Total 4 types of powders were measured, 2 irregular and 2 spherical.
Table 3.9 summarizes the results.
Powder Sample Packing Density (%) Tap Density (%)
# 165 Irregular 33.7 39.8
# 201 Irregular 35.3 42.2
# 103 Spherical 57.0 63.5
Bronze Spherical1' 57.7 64.3
Table 3.9: Summary of packing and tap density measurements of powders used for epoxy
pull-out experiment.
The tap density is the upper limit of the packing density. During printing, the
packing density, or bulk density, will actually be lower because the wet binder holds the
particles from spreading. If the value of tap density is around 40%, the actually printed
sample may have a value in the range of 30 %. This low value is not acceptable for 3DP
and hence using non-spherical powders was not an acceptable approach.
11 Theoretical bronze density was also assumed to be 8.9 g/cc and its size distribution was 75% less than
325 mesh.
Figure 3.18: Irregular shaped copper powders.
(a) (b)
Figure 3.19: (a) Pull-out surface of sintered Alcan #103 copper powder infiltrated with
epoxy. (b) Pull-out surface of Rophlex bound Alcan #103 copper powder infiltrated with
epoxy.
(a) (b)
Figure 3.20: (a) Pull-out surface of sintered Alcan #165 copper powders infiltrated with
epoxy. (b) Pull-out surface of Rophlex bound Alcan #165 copper powders infiltrated with
epoxy.
(a) (b)
Figure 3.21: (a) Pull-out surface of sintered Alcan #201 copper powder infiltrated with
epoxy. (b) Pull-out surface of Rophlex bound Alcan #201 copper powder infiltrated with
epoxy.
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3.6.2.3 Improving the Bonding Strength by Adding Coupling Agents
Another way to increase the adhesive strength was to use coupling agents which is
a common practice in adhesive industry to treat the fillers. It is not surprising to see that
there also exists a pull-out problem for fillers in the epoxy industry. Although the surface
treatment techniques are proprietary for many companies, one very common idea to
improve the epoxy bonding strength is to apply external coupling agent like organosilanes
to the fillers or the epoxy resin. The silanes are simply the bifunctional compound that
links two different materials together. The general formula of an organosilane is described
as [Arkles, 1995]:
RnSiY(4-n)
R group is a nonhydrolysable organic radical which may react with other organic
functional group to produce desire properties. Y is a hydrolysable group such as halogen,
alkoxy or amine. It reacts with inorganic compound such as oxide of aluminum,
zirconium, tin, boron, iron, and carbon. A typical silane reaction is a 3-step process. An
example is given in [Gent and Hamed, 1990]. In that example, a triethoxyvinylsilane is
hydrolyzed to yield silanol groups which thereafter condense with hydroxyl (OH) groups
on the inorganic substrate surface to form a chemical bond. Finally the reaction leaves out
the vinyl group that will later couple with other vinyl groups from the polymer which is
applied to the inorganic substrate. A figure adapted from [Gent and Hamed, 1990] is
shown in Figure 3.22.
Another newer coupling technology is the use of titinate coupling agent which
possesses more functional types than silanes. Instead of reacting with hydroxyl groups on
the substrate surface, a titanate coupling agent reacts with protons (H) on the substrate
through alcoholysis or coordination. For instance, given water (HOH) on the substrate
surface, a silane will pick the OH and a titanate will pick the H to react with. By not being
limited to react with the hydroxyl groups, titinate agents can be applied to more diverse
substrates such as calcium carbonate and carbon black [Monte, 1994]. A detailed technical
discussion on titanate coupling agents and various applications can be found in Ken-
React@ reference manual [Monte, 1993]. The mechanism of titanate action is shown in
Figure 3.23.
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Figure 3.22: (a) Hydrolysis of triethoxyvinylsilane; (b) condensation with (OH) group on
the glass; (c) coupling with a diene polymer (courtesy Gent and Hamed, 1990)
Figure 3.23: Dispersion effect by depositing a monolayer of triorganofunctional titanate
that eliminate the inorganic water of hydration and air voids. (courtesy Monte, 1993)
Some silane samples were ordered for the pull-out experiment. The first set of
samples was used to coat the stainless steel powders. It was prepared by mixing 2 parts of
102
/Glass
,, Glass "
N-(2-Aminoethyl)-3-Aminopropyltrymethoxysilane to 1 part of phenyltriethoxysilane. The
mixture was dissolved in a dry alcohol (200 Proof) for the dispersion of silane onto the
metal powders. The powders were dried in air to allow the moisture to react with the
agent. Later the dry powders were warmed up to completely drive off the alcohol.
However, the silane altered the surface wetting chemistry of the powders as the silane's
critical surface tension was only about 28 dynes/cm. The water based Rophlex diluted to
15 wt % solid content could have a critical surface tension close to water (71.5 dynes/cm).
As a result, when a Rophlex droplet was dropped onto the coated powders, the droplet
immediately balled up the powders. As a result, the coated particles exhibited
hydrophobicity. It was decided then to just blend the coated powders with epoxy and
cured them and test the pull-out. The cured sample still showed some amount of pull-outs
after a series of polishing but it was only about 18 % whereas the untreated sample had a
pull-out of 32%. Another way of applying silane that avoids the problem of
hydrophobicity is to mix the appropriate amount of silane directly into the epoxy resin. An
experiment was done by mixing 5 wt % of (3-Glycidoxypropyl) Trimethoxysilane to the
Araldite 6010 resin followed by infiltration in both Rophlex bound and sintered (1000 C ,
0.5 hour) samples. Control samples with untreated epoxy resin were also prepared and
infiltrated. The surface of untreated resin infiltrated Rophlex / 316L skeleton was already
shown in Figure 3.10. The other polished surface of samples infiltrated with untreated and
treated resin are shown in Figure 3.24, 3.25, 3.26. The pull-outs are summarized in Table
3.10.
Samples Pull-outs (%)
316L / Rophlex / Untreated Epoxy 32.2
316L / Sintered / Untreated Epoxy 25.0
Silane Coated 316L / Epoxy 18.4
(mixed as slurry)
316L / Rophlex / Silane Treated Epoxy 16.7
316L / Sintered / Silane Treated Epoxy 8.1
Table 3.10: Pull-out results of 316L stainless steel powders of various experiments.
3.6.3 Summary
There are many factors to count for the pull-out problem. Certainly, it is an
interfacial issue which is considered a typical adhesive problem. Failure can happen in all
the aforementioned interfaces (epoxy / metal substrate, epoxy / Rophlex, Rophlex / metal
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substrate). However, there was no rigorous experiments undertaken to investigate which
interface is the strongest. But based on the observation, if Rophlex / metal substrate is
present, there is a strong possibility that this interface may fail first. Rophlex is a water
based acrylic adhesive and during the drying stage air bubbles may be nucleated. The
bubbles form the closed pores in the hardened Rophlex solid which cannot be filled by
epoxy. When they are under substantial force, the stress concentration at the voids could
initiate the crack formation. Moreover, the relatively smooth 316L powder surface
provides a favored path for the crack propagation, the particle pull-outs become inevitable.
However, this failure happens at other interfaces as well. For example, the 75 gm
spherical 316L powders were sintered at 1000 'C first before they were infiltrated with
epoxy. There was still about 25 % of pull-outs, which is in fact close to the pull-out result
of Rophlex 316L samples. Since the process excludes any furnace operation, Rophlex has
to be introduced first to bind the particles. In consequence, it is necessary to strengthen all
the interfaces (Rophlex / substrate and Epoxy / substrate) to minimize the pull-out failure.
Many solutions to the pull-out problem were tried. The most effective so far was
using the irregular shaped powders. However low packing density of irregular shaped
powders will result in inferior mechanical and thermal properties of the final tooling. Also,
printing irregular powders is very difficult. The next alternative will then be using the
chemical coupling agents. One way is to coat the metal substrate. There are two
disadvantages. First, the coupling agent could drastically lower the surface tension of the
substrate that makes it less wettable and results in incomplete infiltration. Second, coating
the powders can be costly and it also makes the process less efficient. On the other hand,
mixing the agent with the resin is comparatively easier. Suggested by [Monte, 1995],
adhesion promoter derived from titanates can be mixed with Rophlex to provide better
wetting and minimize the air trappment during drying stage. Coupling agents can also be
added to the epoxy resin. As a result, both epoxy / substrate, and Rophlex / substrate
interface have been strengthened. However, the optimal mixing ratio has yet to be
determined, which will require many trial and errors. It should noted there may exist a
variation of pull-out counts for copper and stainless steel powders because of their
difference in hardness. The harder the powders, the easier they fall out.
As mentioned before, it was not sure how many pull-outs was acceptable for the
Ultra Rapid Prototype Tooling. Maybe thirty percent of pull-outs is not bad for tooling
application after all. So it worths the effort to evaluate the pull-out effect on actual tooling
applications which will be discussed in the next section.
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Figure 3.24: Pull-out surface of sintered 316L powders infiltrated with untreated epoxy
resin.
Figure 3.25: Pull-out surface of Rophlex bound 316L powders infiltrated with silane
treated epoxy resin.
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Figure 3.26: Pull-out surface of sintered 316L powders infiltrated with silane treated
epoxy resin.
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3.7 Simulating the Injection Molding Condition
with Epoxy Tooling
It was suspected that the amount of pull-outs might not be as detrimental as what
was first thought. The best way to evaluate the situation was to actually make an injection
molding tool which was however too expensive and time consuming. An alternative was
to simulate the injection molding condition using the mounting press for embedding
metallographic samples. The setup of the mounting press is shown below:
Pressure
Die
Mold cylinde
Polypropylene
pellets
Electric heater
Epoxy infiltrated 316L
block
Figure 3.27: Setup for fabricating plastic parts using epoxy tooling under a simulated
injection molding condition.
The cylindrical epoxy tooling (316L / epoxy mold), was made by soaking the loose
powders with Rophlex in a metallographic sample holder and dried in an oven. The dried
sample was then infiltrated with epoxy and the surface was polished. Polypropylene
pellets were chosen to be the base plastic material for testing.
The procedure was in fact quite simple and the setup is depicted in Figure 3.27.
The cylindrical epoxy tooling was first sprayed with mold release and then put in the
hollow mounting press mold cylinder. The thermoplastic pellets were poured on top of the
tooling. A cylindrical die was then pressed on the pellets and the pressure was set to 100
psi. The heater surrounding the mold cylinder was turned on. After 40 minutes, the
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temperature reached 195 'C. The heater was removed and a cylindrical heat sink was
attached. Meanwhile, the pressure was increased to 4200 psi. It took about another 40
minutes before the temperature dropped down to 75 TC.
Both polypropylene sample and 316L / epoxy mold were taken for examination.
Initially, the two were attached together because some molten plastic flowed down the side
of the epoxy / 316L mold which was not perfectly round. The plastic was then tapped by a
hammer and very easily came off the mold. The mold and the polypropylene surfaces were
observed under SEM. There was no increase in the amount of pull-outs in 316L / epoxy
mold but the shape of the pull-out surface was cast on the polypropylene sample. Both
surfaces are shown in Figure 3.28 and 3.29. The surface at the polypropylene was
relatively smooth to touch. It was certain that this surface could be improved if the metal
particles were smaller and thus the pull-out holes were smaller as well.
Opinions from 3DP consortium members who were interested in prototype tooling
were consulted. The plastic surface from the 316L / epoxy mold was in fact acceptable.
As a result, the pull-out minimizing techniques could be used as an alternative when
necessary. However, there was one important issue that was observed during the
fabrication of 316L / epoxy mold. The metal part slightly slumped during the curing of the
infiltrated epoxy. It was thought that the high curing temperature and the caustic nature of
the hardener softened the Rophlex bond. This issue will be discussed more in Section 3.9.
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Figure 3.28: The 316L / epoxy mold surface after 3 runs in the mounting press. The dark
circles are pull-out holes and the white ones are 316L powders.
Figure 3.29: Polypropylene surface after the molding in the mounting press. The whiteblobs are actually the plastic that form the positive of the pull-outs.
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3.8 Modulus of Rupture of Epoxy Infiltrated 316L
Powder by a Four Point Bending Test
After making the choice of epoxy for infiltration, the mechanical properties of the
epoxy / 316L powder composite need to be determined. Four Point Bend test was
performed to test the composite's modulus of rupture (MOR). The 316L sample was made
by mixing with Rophlex as a slurry and dried in the oven. The MOR obtained from four
point bend result is shown in Figure 3.30, benchmarking with MORs of other materials.
Those other MOR values are given in [Ashby and Jones, 1988]. In addition, pure epoxy
of Araldite resin / XH 1277 hardener was tested for MOR but the epoxy samples simply
bent elastically without any fracture. Silicon filled epoxy, XR 1277 resin / XH 1277
hardener, was also tested and the MOR was plotted on the Figure 3.30. The average tested
value of epoxy / 316L is about 50 MPa, which is in the same MOR level as soda glass and
porcelain, however with higher density. From mechanical design point of view, materials
with low density and high MOR are more preferable. However, for the purpose of
prototype tooling 50 MPa is an acceptable value. If the powder was infiltrated with
different epoxies, the MOR value could vary as well. Certainly, better porosity control and
adhesive strength will guarantee a higher MOR result.
If the epoxy / 316L composite has been adopted for rapid tooling material, more
mechanical and thermal properties tests are necessary. For example, thermal conductivity
value is an important data for injection molding tooling. In fact, the pure epoxy is very
elastic and thus its fracture strength cannot be obtained through Four Point Bend test.
However, when metal powders are added (56 % powder, 44 % epoxy), brittle fracture
occurs just like ceramics. This means that Four Point Bend test results alone cannot fully
describe the composite's mechanical properties. Tensile test will be a better choice to
determine the composite's both elastic and fracture properties.
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Figure 3.30: MOR map of different ceramics along with Four Point Bending tested epoxy /
316L composite and silica filled epoxy values which are shown in bold text. Other
ceramic values are from [Ashby and Jones, 1988].
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3.9 Process Review and Important Issues
During the development period much of basic chemistries and physics of epoxy
knowledge have been acquired and thus helped developing the process. In fact, a
milestone has already been established for making fully infiltrated green samples. Based
on the current epoxy, Araldite resin and XH 1277 hardener from Ciba Geigy, the
infiltration process is defined as follows:
1 Epoxy resin and hardener are mixed in the required ratio.
2 Both the mixed epoxy and the metal samples warmed up separately in the oven to about
70 °C . To test the drop of epoxy viscosity, a stick can be dipped into the epoxy and see
how it drips. The viscosity of epoxy will change from dripping like syrup to dripping
like water. It should be noted that the higher the temperature, the shorter the pot life for
epoxy. Therefore, the epoxy should not be heated to more than 90 TC.
3 In about 5 minutes, the viscosity of the epoxy should start to decrease dramatically. Then
remove the metal sample from the oven and placed it in the vacuum chamber. Turn on the
vacuum pump.
4 After the vacuum reaches equilibrium, the epoxy is taken out of the oven and quickly
transferred to the reservoir connected to the vacuum chamber while the epoxy is still at the
low viscosity state.
5 Keeping the vacuum pump on, turn on the reservoir valve so that the epoxy flows rapidly
into the chamber. Shut off the valve and wait for the vigorous bubbling of the epoxy to
cease. Make sure the liquid level fully covers the sample.
6 Shut off the vacuum pump and slowly let the air in.
7 The sample is taken out of the chamber and kept under atmosphere for at least 20
minutes. By then the epoxy cools down and becomes viscous again.
8 A separate epoxy bath is prepared and the porous stilt (lightly sintered 316L block) is
placed in the bath. Wait until the stilt is wet by the epoxy. This can be speeded up by
putting the bath in the oven.
9 Take the sample out of epoxy and put it on the stilt. Allow the sample to drain the excess
epoxy in the oven at about 70 TC. Higher temperature is avoided because the epoxy will
start to gel too quickly. Lower temperature may not decrease the viscosity enough for
draining.
10 After 5 to 6 hours, the epoxy becomes hardened. To fully cure the epoxy, the oven
temperature is raised to 110 TC and maintained for 2 to 4 hours. The infiltration process
is then complete.
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The steps are the same regardless what epoxy is used. However, if different
epoxies are used, the variables that need to be adjusted are time and temperature.
There are several issues which need to be addressed in developing this process.
The most notorious one is the pull-out issue. But as it turned out that 30 % pull-out which
is a typical number in spherical powder epoxy infiltration does give an acceptable plastic
surface for prototype tools. However, minimizing the surface pull-out techniques that have
been developed over a 2 months period still remain as an option. These techniques,
however, should not complicate the process. For instance, applying coupling agents
should just add an extra step of preparation before infiltration.
Another one is the polymer binder softening issue which has been the concern since
the beginning of the process development. Initial experiments showed that the epoxy will
completely dissolve the Acrysol bonds which is the only binder used for printing metals so
far. Rophlex was used as a substitute which was able to keep the metal parts intact during
the infiltration and heat cure. However, the samples were still soft when they were soaked
with epoxy. This raised the concern on the part handling. The recent samples for
mounting press showed slumping after epoxy curing. To test the slumping, a Rophlex cast
316L rectangular bar was infiltrated with epoxy and put on two porous stilts supporting
both ends of the bar. The setup is shown in Figure 3.32. However no apparent sagging
was found, which is probably due to higher concentration of Rophlex in the bar.
Reevaluation of the test is necessary to further verify the result.
Epoxy infiltrated rectangular bar
Epoxy pool Porous stilts
Figure 3.31: Infiltrating the Rophlex / 316L bar to test the sagging problem.
However so far none of the green metals were actually made by 3DP machine. For
making green rectangular samples, usually the 316L powders were saturated with Rophlex
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and then dried in the oven. In making large blocks, Rophlex and 316L powders were
mixed into a slurry which was then cast into the mold. The characteristics of polymer
coating could be very different from those printed by 3DP machine. Until the print head
can deliver the Rophlex, the findings of the above issues still remain unknown.
3.10 Conclusions
Three Dimensional Printing allows the opportunity for numerous process
innovations that utilize the basic 3DP process. Infiltration of as-printed green metal parts
with epoxy will not only create an Ultra Rapid Prototype Tooling but also a new type of
composite material, applications of which remain to be explored. The result of this process
development opens a new window for tooling fabrication. Although this process
development is not being considered as completed, foundation for further research has
already been established.
Certainly, many issues remain to be resolved. There was very good progress in
solving the pull-out problem. However, the slumping and thermal conductivity issues are
still unanswered. Most importantly, there was never a printed green metal sample to be
infiltrated with epoxy and cast samples are not the perfect duplication of printed ones. So
the actual properties of epoxy / 316L rapid tooling material remain to be evaluated. On the
other hand, the overall process cycle time is not as fast as what is defined as "Ultra Rapid".
The total number of hours required for epoxy infiltration after printing can range from 8 to
12 hours. Fast curing is possible by heating to a higher temperature but that sacrifices
shrinkage and mechanical properties.
To aid future epoxy tooling development, a process plan was drawn in Figure 3.33.
In the plan, the choice of epoxy is assumed to be the major variable. If the pull-outs are
becoming the issue, certain options can be implemented: (1) using irregular powders; (2)
using coupling agents. As well, if the final mechanical properties need to be improved, a
better adhesion can be achieved with those options. Notice that the choice of binder is not
considered in the plan since it is coupled with the development of printing machine
technology. The slumping issue will only be evaluated when the green parts are printed by
the 3DP machine because the more uniformly coated polymer gives better bonding. If
slumping is indeed taking place, extra steps must be added to the plan. Besides, the
properties obtained with current epoxy formulation which is the basic Bisphenol A resin
and acid anhydrite hardener are not the optimal choice. Therefore, the plan describes a
cyclic process since choosing different epoxies results in different properties.
114
Infiltration setup
(high vaccum pump, precision vaccum
gage, vaccum chamber.)09 Z:
Minimizing Pull-outs orII Irregular
Soptions Couping agents:
silanes or titanates
powders
Infiltration process
(time and temperature of each infiltration step. i.e. temperature
to heat the epoxy, time to keep the infiltrated sample under
atmosphere.)
Draining
(viscosity of epoxy in draining bath;
initial curing temperature.)
Mechanical test and micrograph observation
( ) = typical issues that needed to be considered
Figure 3.32: A process plan for developing epoxy tooling.
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Epoxy selection
(pot life, viscosity, shrinkage, strength
curing schedule, maximum operating
temperature.)
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Chapter 4
Shrinkage Studies on Three
Dimensional Printed Metal Parts
4.1 Introduction
In the Three Dimensional Printing (3DP) Process, the parts are built by binding
powders in layers. It is therefore inherent to have parts built with void space in between
particles. Any post process which is used to densify the parts will results in some degree
of dimensional change if the void space is being shrunk. This is a typical challenge that is
associated with the printing process.
Currently the 3DP process is used to directly fabricate metal tooling for plastic
injection molding. The issue of shrinkage becomes more critical because the dimensional
requirements are very stringent in injection molding tooling industry. This in turn required
3D printed metal tooling to have accurate dimensions to ensure plastic parts produced have
desired accuracy and tolerance. However, as mentioned above, at all stages of
conventional 3D metal powder printing process, there are possibilities for the shrinkage of
printed parts. The typical stages can be divided as:
1. Wet green - As-printed parts are still wet with binder.
2. Dry green - As-printed parts are dry.
3. After sintering - the green parts are debinded and sintered in furnace.
4. After infiltration - the sintered parts are infiltrated with metal alloy in furnace.
To enhance a better dimensional control, there is a definite need to quantify the
shrinkage values at all these stages. After obtaining the shrinkage values, the amount of
shrinkage can be calculated and applied to the design in the CAD file so that the total
dimensional change at the end of post process will be compensated.
4.2 Shrinkage Theories
Shrinkage happens to 3D printed parts when the size of interparticle pores is
reduced. Even though it is not known how much shrinkage there is in each of the post-
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processing stage, by experience, it may well be certain that the most shrinkage happens at
sintering and drying stage. At printing stage when the part is still wet, the interparticle
space is partially saturated with binder. It is difficult to imagine any shrinkage could
happen there unless the wet binder causes the compacting of the powders by negative
capillary pressure, which is unlikely because each layer is partially dry before the next layer
is printed. During drying stage, however, the binder will completely gel which may induce
the shrinkage. Jain Charnnarong has been doing extensive study on drying mechanism of
the Acrysol or WS-24, a copolymer acrylic solution. Some preliminary result of
Charnnarong's study indicates that the gelation of Acrysol produces some amount of
stress. After a private communication with Charnnarong, it was understood that the
polymer solid consists of a lot of fine pores, which can be pictured as a sponge. First, the
binder, delivered by the print head, uniformly coats the powders and forms the pendular
shape at the particle to particle contact. As the solid starts to gel, the capillary stress in the
solid squeezes out the water, just like squeezing the sponge. This, in turn, induces stress
that may pull the particles together. When this mechanism happens everywhere at the
particle contacts, there will be an overall shrinkage of the part.
At sintering, as discussed in Chapter 2, shrinkage will occur whenever there is
denisification within the parts. The shrinkage will be more apparent when bulk diffusion
occurs at the particle contacts during sintering, which pulls together the center to center
distance. The change of fractional density of 316L stainless steel 20 ýtm powder versus
sintering temperature and sintering time is shown in Figure 2.7, Chapter 2. The parabolic
curve of increasing the fractional density indicates the higher rate of sintering at higher
sintering temperature and longer sintering time.
4.3 Sintering Temperature Selection
After the printed metal parts is dry, they will be debinded and sintered in furnace at
1250 "C for 1 hour according to this metal printing process developed by [Michaels, 1993].
Then the parts will be put in the furnace again for infiltration with bronze (90% Cu / 10%
Sn). The slabs of the infiltrant will be placed on top of the sintered metal parts while the
furnace is fired up to 1100 "C for no more than 30 minutes. In sintering theory, it is
expected that higher sintering temperature causes a larger amount of shrinkage provided
the sintering time is the same. To minimize the amount of shrinkage at sintering stage
while maintaining a strong enough skeleton, it was decided to carry out an evaluation on
shrinkage as a function of sintering temperature. Four dry green rectangular bars, with
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slightly different dimensions l , were sintered for 1 hour at 4 different temperatures: 1200
°C, 1250 -C, 1300 "C, and 1350 TC. The dimensions of the resulting bars were measured
by a digital micrometer. The shrinkage values for the sample fired at 1350 'C was the
largest while the one at 1200 TC was the smallest. In fast axis (FA2), for example, the
shrinkage was 0.75 % for the sample sintered at 1200 TC while the shrinkage was 1.46 %
for the sample sintered at 1350 "C. All rectangular bars were then infiltrated at 1100 oC for
15 minutes. Both sintering and infiltration were done in a ceramic tube furnace under a
Argon / H2 gas atmosphere. The resulting dimensions were again measured. In Table
4.1, there lists the percent change of the dimensions relative to the dry green dimensions
after each process.
1 The dimensions are: 0.6038 in x 0.5660 in x 1.5627 in for 1200 C sample; 0.6055 in x 0.5676 in x
1.709 in for 1250 C sample; 0.6049 in x 0.5673 in x 1.5940 in for 1300 C sample; 0.6038 in x 0.5719 in
x 1.6815 in for 1350 C sample.
2 Fast axis or X axis, is the axis which the print head travels.
118
Table 4.1: Shrinkage percentage of 3D printed rectangular bars sintered at different
emperatures.
In fact, it was also found that the parts were swelled after infiltration relative to the
sintered dimensions. The bar sintered at 1200 "C swelled the most after infiltration
whereas the bar sintered 1350 OC swelled the least. It could be deduced from the results
that the weaker skeleton by lower sintering temperature led to more swelling at infiltration
while it was the other way round for stronger skeleton by sintering at higher temperature.
The actual dimensional deviations as the function of temperature is plotted in Figure 4.1.
Using the actual deviations, the percent shrinkage of the samples at each sintering
temperature after infiltration is plotted in Figure 4.2. The total shrinkage deviation
increased exponentially as the parts were sintered with increasing temperatures. In terms of
percent change, the total shrinkage increased linearly with sintering temperatures.
3 Slow axis, or Y axis, is the direction along which the whole print head assembly steps, normal to the fast
axis.
4 Z axis is the axis which the piston of the powder bed moves vertically.
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Sintering Printing Total Shrinkage Total Shrinkage
Temperature Direction After Sintering After Infiltration
1200 OC SA3  -0.89% -0.10%
ZA4  -1.16% -0.37%
FA -0.75% -0.43%
1250 OC SA -1.20% -0.64%
ZA -1.44% -0.79%
FA -1.16% -0.95%
1300 "C SA -1.37% -0.92%
ZA -1.65% -1.26%
FA -1.33% -1.14%
1350 "C SA -1.53% -1.16%
ZA -1.72% -1.34%
FA -1.46% -1.42%
Total Shrinkage After
at Different Sintering
Infiltration
Temperatures
0.0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
1 1
1200 C 1250 C 1300 C 1350 C
SA
ZA
FA
Sintering Temperatures (C)
Figure 4.1: Dimensional deviation after infiltration as a function of sintering temperatures.
After this quick evaluation, it was decided to use 1275 'C as sintering temperature
in order to minimize the shrinkage but maintain a strong skeleton. The reason for not using
even lower temperature such as 1250 *C was that there might exist a temperature gradient
around the parts being fired, possiblyl due to control overshoot or unsteady gas flow in the
furnace. Therefore the actual temperature at which the firing of the parts took place could
actually be higher or even lower than the set temperature. Sintering temperature of 1275 'C
allows for the tolerance of possible temperature fluctuation since it is at the middle of
highest and lowest sintering temperature that would be used to process 316L stainless steel.
Although the minimum shrinkage occurred with sintering at 1200 "C, it has the weakest
skeleton and thus the largest swelling after infiltration and therefore may have inferior
mechanical properties than others which have stronger skeletons.
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Total Shrinkage (%) After Infiltration
at Different Sintering Temperatures
2.0
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Figure 4.2: Percent shrinkage after infiltration fired at different sintering temperature.
Finally, it should be emphasized here that there was only one 3D printed sample
fired at each sintering temperature. Therefore, the shrinkage values did not reflect the
average shrinkage value and the error margin was unknown. However, the results does
indicate the trend on which shrinkage is related to the sintering temperature. A more
extensive study on shrinkage values will be discussed in the next section.
4.4 Shrinkage Study Experiment
4.4.1 Design of Experiment Samples
In the 3D printing process, the print head which travels along the fast axis delivers
binder to the powder bed. After printing one line, the print head assembly steps along the
slow axis and then prints the next line. After a layer is printed, the piston is moved down
in Z axis to allow spreading of the second powder layer and then the print head repeats the
whole process as in the previous layer. As a result, the three axes of the parts being built
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exihibit the characteristics of the 3 distinct motions. In other words, the printed parts may
be aniostropic as powders are arranged differently in different axes. As far as the
dimension is concerned, it can be expected that the shrinkage of each axis may be slightly
different. In the shrinkage study, the samples were designed to be rectangular bars which
would be printed in the 3 characteristic orientations, namely fast, slow and Z axis. To
further correlate the shrinkage with the sample size, three different lengths of rectangular
bars would be printed with a square cross section (7mm x 7mm). To aid the observation of
the shrinkage, two fiducial marks were printed on one face of each bar at a distance 5 of
8.40 mm, 25.55 mm, and 40.60 mm for the three different lengths. The fiducial marks
were just rectangular grooves on the surface of the shrinkage bars, which were designed to
be two line thickness (350 gm).wide and deep. Since the variables from the printing
machine may affect how binder is delivered to the powder bed, it is beneficial to record the
printing parameters which are summarized in Table 4.2.
Table 4.2: Summary of the printing parameters.
It was also decided to have 4 sets of samples in each orientation. With 3 different lengths
and 3 orientations, there are total 36 rectangular bars printed for the experiment. Figure 4.3
illustrates the idea of printing the shrinkage samples which are oriented in 3 different
directions.
5 This distance will be called sample length for the rest of the section.
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Powder -170/+230 ( 88 gm / 63 gm) monomodal
316L stainless steel powder
Binder 23 wt % Acrysol
Print Direction Bi-directional
Print Pattern None
Print head 8 jet
Fast Axis Speed 1.5 m/sec
Binder flow rate 0.8125 cc/min.
Layer spacing 175 gm
Line spacing 175 gm
Print head
Fiducial Marks
Shrinkage Bars
Slow Axis
Z Axis
Figure 4.3: Orientations of shrinkage bars as they were being printed in the powder bed.
4.4.2 Post Processing for the Samples
After the samples had been printed, they were dried in air and the drying shrinkage
was measured. Then the samples were sintered and subsequently infiltrated in the furnace
at United Technology Research Center (UTRC). To minimize the surface erosion during
infiltration which would damage the fiducial marks, a different infiltration approach was
needed. Wylonis (1995) then was working on a different infiltration method in which the
sample was placed in a graphite pocket. The infiltrant slabs were placed on the shelf which
surrounded the pocket. The infiltrant melted and flowed into the pocket and infiltrated the
sample. This eliminated the situation in which the infiltrant melted on the surface of the
samples and that caused the erosion. Consequently a graphite crucible was designed with a
pocket for each rectangular bar. The crucibles were CNC-machined, with a total of 36
pocket machined in 1 hour. The crucibles were then sonicated in alcohol bath and then
cleaned with water. After they were dried, they were painted with Boron Nitride to prevent
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the infiltrant from sticking on the graphite. Figure 4.4 shows the cross sectional view of
the crucible and how the sample and infiltrant were placed.
Bronze Infiltrant
/
Graphite Crucible
Z
Figure 4.4: The infiltration setup for the shrinkage bars.
4.4.3 Shrinkage Measurement Technique
Much of the measurement technique was borrowed from the technique used by Jain
Charnnarong who had studied the shrinkage of printed alumina bars. The setup consisted
of a CCD camera, a 4x lens, a Coordination Measurement Machine (CMM), a camera
mounting bracket, and a TV monitor. The setup is illustrated in Figure 4.5.
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Figure 4.5: Shrinkage Measurement Setup
By moving the CMM probe which carried the CCD camera, the image of the
fiducial marks would be shown on the monitor which was attached with a cross hair on the
screen. To help observe the marks, a microscope light is used. Meanwhile the CMM
computer displayed the coordinates of the image. Then the orientation of the shrinkage
bars was aligned with the probe axis, either X or Y. The distance between the fiducial
marks could be obtained by subtracting their coordinates read out. To be consistent, the
cross hair on the monitor was positioned in the middle of the fiducial mark during each
measurement as the marks were only two-line thickness wide.
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4.4.4 Shrinkage Measurement Results and Observation
The measurement results were tabulated in a spreadsheet where the average values
and standard deviations were calculated. All the measured values are listed in the Appendix
D. Table 4.2 summarizes the average percent shrinkage at each post processing stage.
Each percent value is the average of 8 measurements on 4 samples, 2 measurements per
sample. The shrinkage was calculated relative to the original designed value in the CAD
file 6. The actual shrinkage deviations of shrinkage bars at each printing orientation, fast,
slow and Z axis, are plotted in Figure 4.7, 4.8, and 4.9.
Sample Designed Wet Green Dry Green After After
Orientation Sample (%) (%) Sintering (%) Infiltration
Length (mm) (%)
Fast Axis 8.395 -0.677 -0.572 -1.752 -1.410
25.555 -0.187 -0.285 -1.690 -1.641
40.60 -0.128 -0.160 -1.597 -1.378
Average -0.3307 -0.339 -1.680 -1.476
Slow Axis 8.40 -0.957 -0.659 -2.118 -2.534
25.55 -0.118 -0.116 -1.604 -1.497
40.60 -0.071 -0.111 -1.607 -1.438
Average -0.382 0.295 -1.776 -1.823
ZAxis 8.40 N/A -0.513 -1.743 -1.722
25.55 N/A 0.279 -1.577 -1.684
40.60 N/A 0.027 -1.689 -1.728
Average N/A -0.069 -1.670 -1.711
Table 4.3 Summary of the average shrinkage measurements at each processing stage.
After printing all the samples, it had been suspected that the files which were sent to
the 3DP machine might contain discrepancy for the part dimension, possibly due to file
slicing. After checking the file, it was found that the length of two types of fast axis
samples, 8.4 mm and 25.55 mm, was deviated by 5 gm so that the length in the CAD file
6 The process of a prototype from design to a printed 3D subject is as follows: First the design is drawn on
any Computer Aid Design package such as ProEngineer@. Then the file will be saved in .STL format
which is the Standard file format for Stereolithography. A special designed software will consequently slice
the design into layers and the file will then be encoded into binary format which will be read by the 3D
printing machine.
126
were 8.395 mm and 25.555 mm respectively. But this small deviation not significant to
influence the measurement results. However, their SA and ZA dimensions were consistent
in the files.
Since the Z axis bars were printed vertically submerged in the powder bed, they
could not be removed when they were wet, so no wet green measurement for Z axis bars
was done. On the other hand, all wet measurements on the green bars were done with 4
hours after the completion of the printing process.
For wet and dry green measurements, all the shrinkage percentage is less than 1%.
Although the largest one is 0.95% for the shortest sample and even some Z axis samples
exhibit enlargement, they can still be regarded as no dimensional change relative to the
original designed length because the actual deviations are within the range of an average
particle size, or 75 gm, which can be the measurement errors. In fact, during printing most
parts were suffered by the bleeding 7 phenomena and in consequence the fiducial marks
were not shown with exactly two-line width, or 350 gm. Later, an improvement of
bleeding issue was made by installing infrared lamps on the 3DP machine. So after each
layer was printed, the lamps were turned on to dry the binder (Acrysol) and thus binder is
locked in place as soon as it was printed into the powder. Unforunately, this technique
was not applied to printing the shrinkage bars. Therefore due to binder bleeding, under
magnifying lens, the edges along the fiducial marks was rugged and uneven. Since the
measurements were done by locating the cross-hair as close to the middle of fiducial mark
as possible, it was possible that the measurements were off by one or two particle size.
This is depicted in Figure 4.6. Furthermore, it should be noted that the average shrinkage
percent is the same for both wet and dry green measurements which implies that there is no
apparent shrinkage during the drying stage.
7 Bleeding is the phenomena in which the binder flows into the unprinted region and locks the powders
which are not supposed to be printed.
127
Two possible real situations
I
350 ýtm 
-
II
\ I
Fiducial Mark Width
- - t" - Cross Hair on TV monitor.
I
I
Figure 4.6: Measurement errors on both wet and dry green shrinkage bars that is within
one particle size.
The shrinkage after sintering is the largest among all stages but the swelling effect
after infiltration is not seen in Z axis bars and the shortest bar of slow axis. In fact, after
infiltration some of the fiducial marks were even harder to see under the CCD camera
because some gaps were filled with infiltrant. Even with the help of light, there may still be
some measurement errors for those infiltrant filled fiducial marks. On the other hand, it is
encouraging to see that for bars printed in different axes the average shrinkage after
sintering is within 1.7 % and after infiltration is between 1.5 % to 1.8 % and no significant
warping issue was found for the samples after all the post-processing stages.
There is, however, a correlation between the size of the bars and the actual
deviation from the original dimensions after infiltration. A linear regression was performed
on the after infiltration measurement data of the three different axes. The slopes will be the
scaling factors for compensating the shrinkage for each axis. The plotted data which
shows the average deviation from shrinkage at each post-processing stage for fast, slow,
and Z axis is shown in Figure 4.7, 4.8 and 4.9 respectively.
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Figure 4.7: Shrinkage deviations for fast axis bars at each post-processing stage.
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Figure 4.8: Shrinkage deviations for slow axis bars at each post-processing stage.
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Figure 4.9: Shrinkage deviations for Z axis bars at each post-processing stage.
The slopes are actually the shrinkage percent of the bars at each length. During
post-processing stages, since the total part dimension will be shrunk by what the slopes
indicate, which are -0.0145, -0.0148, and -0.017 for fast, slow and Z axis bars,
respectively. Therefore, to compensate the shrinkage after post-processing, the final
design dimensions will be multiplied by the factors. The shrinkage compensation factor is
defined in Equation 4.1.
shrinkage compensation factor = 1 + shrinkage percentage (4.1)
While the resulting shrinkage factors from the study is shown in the Equation 4.2.
Fast Axis: Lshrink compensated = 1.0145 x Ldesigned
Slow Axis: Lshrink compensated= 1.0148 x Ldesigned (4.2)
Z Axis: Lshrink compensated =1.017 xLdesigned
The repeatability of this correlations will be tested on all the 3D printed metal
tooling. It was, however, found out later that for large printed tooling a slight correction
on the those factors is needed, which will be discussed in the next section.
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4.5 Shrinkage Measurements on 3DP Tooling
After determining the shrinkage compensation factor, a massive tooling printing
effort was carried out. Tooling for consortium members such as Hasbro, 3M, Johnson &
Johnson, AMP, and United Technology and Boeing were subsequently printed. Although
there was initially some failure during sintering and infiltration, improvement was soon
made and as of June 10, 1995, a total number of six tools have been successfully sintered
and infiltrated. To better keep track of the shrinkage data, a spreadsheet format was
designed to record the data. Since most of the tooling are rectangular blocks with internal
intricacies, the measurements of the shrinkage was easily done by a digital caliper on the
tools' outer dimensions. Two measurements were taken for each tool, one was the dry
green dimension and the other was after infiltration. The shrinkage was calculated based
on the dimensional change from dry green to after infiltration. It was consistently
measured out that the shrinkage of fast and slow axis was on average around 1.2% while
the Z axis was around 1.7%. The measurement results of 4 successfully printed and
infiltrated tools are summarized in Table 4.48.
3DP Tools
Hasbro (Cavity)
3M
J&J(1)
J & J (2)
Percent Shrinkage After Infiltration (%)
Fast Axis Slow Axis Z Axis
-1.047 -1.135 1.624
-1.106 -1.046 -2.166
-1.048 -1.287 -1.849
1.095 -1.371 -1.842
Table 4.4 Summary of shrinkage of actual printed for consortium members.
It should be noted that the 3M tool was the first largest and heaviest part ever
printed. All shrinkage were within 0.5% around the average shrinkage values, of 1.2 %
and 1.7 %, mentioned above. This demonstrates the repeatability of the shrinkage results.
Therefore, the new scaling factors were redefined as follows.
8 The other two were printed with different parameters and so they are not suitable for comparsion here.
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Fast Axis: Lshrink compensated= 012 Ldesigned
Slow Axis: Lshrink compensated = 1.012 x Ldesigned (4.3)
Z Axis: Lshrink compensated =1.017 x Ldesigned
Although the shrinkage after infiltration has shown consistent values, the as-printed
dry green tooling have always shown greater dimensions than the ones shown in the CAD
file. Working with John Lee who is responsible for designing the 3DP files, the exact
difference had been tracked down and some hypotheses were made to explain such a
difference.
Starting with Hasbro's cavity, there was always a runner sheet to keep track of
printing parameters, which is the part of the quality control procedure to ensure the printed
parts' qualities such as dimensional control and surface finish. In a runner sheet, all the
printing related parameters are listed as well as the three axes dimensions. Table 4.5
summarizes the parameters listed on the runner sheets for printing J & J, Hasbro, and 3M's
tools. It also lists the difference between the printed dimensions and the CAD dimensions
just before printing.
Print Parameters Hasbro (Cavity) 3M J & J (1) J & J (2)
Layer Thickness 130 -tm 150 tm 150 gtm 150 gm
Line Spacing 202 gm 184 gtm 184 gm 184 tm
Printhead Speed 1.5 m/sec 1.5 m/sec 1.5 m/sec 1.5 m/sec
Jet Flow Rate 0.85 cc/min. 0.825 cc/min. 0.825 cc/min. 0.825 cc/min.
Powder Size > 63 -tm 63 - 88 pm 63 - 88 gm 63 - 88 gLm
Print Direction Bi-directional Bi-directional Bi-directional Bi-directional
Deflection Proportional Proportional Proportional Proportional
Difference betveen Printed dimension and CAD dimension
Fast Axis 192 ptm 284 tm 232 pm 207 tm
Slow Axis 321 ýLm 479 ýtm 377 tm 377 ýtm
Z Axis 940 im 593 tm 529 tm 422 tm
Table 4.5: Summary of printing parameters and deviations between CAD dimensions and
printed green dimensions of 3DP tooling.
As indicated in Table 4.5, all the just printed green tools were oversized from 200
gtm to 900 itm. However, there are some consistencies in the fast and slow axis. In fast
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axis, the discrepancies can be explained by the trajectory shift of print head. As it travels
along the fast axis, its acceleration and deceleration at the ends of axis can slightly shift the
binder delivery. This results in an end effect in which the binder is driven off the desired
target position. For slow axis, the difference is likely due to the fact that the slow axis
distance in the CAD file is defined by the center to center position of the line width. In
other words, the actual dimension in slow axis will be one line width wider, half line width
on each side. Adding the fact that all the tooling were printed in proportional deflection ,
the binder could bleed out at the edge of the part as it was delivered in a zig-sag manner.
For Z axis, the dimension in the CAD file is defined as the top to top position of the first
and last layer. It means that the dimension is the difference between the surface of the first
printed layer (which is the bottom layer) and the surface of the last printed layer (which is
the top layer). Therefore the thickness of the bottom layer is not accounted in the Z
dimension in the CAD file. Other factors that make Z dimension of the parts larger after
being printed include the binder migration by gravity, layer thickness and wide particle size
range. Given the fact that powder size is not uniform, the layer thickness is not an integral
number of particle diameters. For example, using a layer thickness of 150 gm and the
average particle size of 80 gm, two particles stacked vertically will have an oversize of 10
gm9. With the same two particles, they need to stack at an angle (0) less than 61 degrees
to have an exact layer thickness. The situation is illustrated in Figure 4.10.
Overs:
Figure 4.10: Two particles stacking on top of each other results an oversize to the desired
layer thickness. Only do they stack at an angle (0) to avoid oversizing the layer thickness.
9 Certainly, two identical size particles stacked vertically in a layer is almost impossible. In reality, a
range of paticles that stack on top of each other to form a layer. But the oversize situation is still highly
possible.
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Assuming the roller spreader has an infinite stiffness, the extra particles have to go
somewhere either by rearrangement within the spread layer or being squeezed downward.
Since there are a few layers of loose powders purposely spread at the bottom of every
printed part, it makes the room for particle rearrangement. By coincidence, Burgra
Giritlioglu printed some alumina Z axis bars on an aluminum plate without any loose
powders supporting at the bottom, the oversize effect was not observed. After a discussion
with Jim Serdy, based on his observation, it was found that the spreader roller in fact had
some compliance because there are two leaf spring supporting at the both ends of the
spread roller. This implies that there is a mixed cause accounting for the oversized Z
dimensions. Additionally the Z axis error was the worst in Hasbro cavity. By looking at
the printing parameters (Table 4.5), Hasbro cavity was printed with larger size powders,
smaller layer thickness and higher binder flow rate, as compared with printing the other
tooling. Given the same reasoning that there is no exact integral number particles per layer,
the situation is even worse with various larger particle sizes and thinner layer thickness.
4.6 Conclusions
The dimensional control is certainly extremely critical to the 3DP tooling printing
effort. The results of the study give the evaluation of shrinkage at each post processing
stage for printing metal powders. The most sizable shrinkage was found in sintering stage
which was expected from the powder metallurgy processing. However, the sintering
shrinkage is determined by many other factors such as sintering temperature, sintering
time, atmosphere, powder size, and its material compositions. The sintering shrinkage
from this study can therefore only be referenced to a set of specified post processing
parameters. After printing and drying the green part, no significant dimensional change
was found. But after infiltration, there is a slight swelling effect on infiltrated parts. A
regression correlation was formulated for predicting the shrinkage from the originally
designed dimensions in computer to finally infiltrated dimensions for 3 different printing
axes. There are, however, other factors that influence the overall dimensional change. For
instance, the just printed green parts have dimensions deviated from that of the original
CAD files in the order of few hundred microns. The explanation was suggested as an
overall error due to printing machine, print head, powder layer thickness, and materials.
The other source of dimensional change is from the infiltration. There is never an
understanding of what causes the swelling. It could be by diffusion between iron and
copper, or simply the creep strain induced by the liquid bronze to the sintered skeleton.
Again, the results of the study only present the shrinkage from the specific post processing
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of 316L stainless steel powders and bronze infiltrant. Reevaluation is needed when the
base powders and infiltrant are changed.
Moreover, the study only provides a set of estimated shrinkage compensating
factors but it does not provide any data to explain the causes of the part oversize during
printing and swelling in infiltration. Future studies and experiments are needed to gain the
insight for underlying causes of the problems and thus be able to generate the solutions to
solve them. In fact, there is also a minor warpage issue involved during the infiltration in
the high temperature furnace processing on 3D printed metal parts. This warpage had been
observed in some infiltrated metal parts, for instance, the printed hydrostatic bearing. A
quick evaluation could be implemented by firing different sizes of rectangular blocks and
obtain the surface mapping by a coordinate measurement machine.
Finally, for better dimensional control in the face of constant improvement and
change of 3D printing material systems such as the binder, base powders and infiltrant, a
scheduled plan and record keeping on metal printing shrinkage evaluation is needed. A
good managment of shrinkage data will enhance the effort to understand shrinkage causes
and subsequently come up with the solutions to solve them.
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Chapter 5
Conclusions and Future Work
Rapid Prototyping (RP) has becoming a fast growing industry in recent years.
Many new RP processes and techniques have proliferated. Three Dimensional Printing
(3DP) is one of those innovations that could bring a great impact to this industry. In 3DP
process, parts are built by spreading powders in layers on a piston. A printhead will then
selectively deliver a binder onto the powder bed that will stitch the individual particles
together. The process will repeat until the last layer of powder is printed. Upon
completion of the printing process, loose powders are removed from the binder printed
part. For printing metal powders, the part will then be transferred over to a high
temperature furnace for debinding and sintering, followed by infiltration to make a fully
dense part.
However, in order to position itself as a leader in RP industry and to face the rising
competition, 3DP needs a very aggressive growth in terms of process improvement and
innovations. As a result, the focus of this project was on 2 different new processes and
shrinkage studies that provide the quality controls on 3DP printed metal parts.
5.1 Infiltration Stop Process Development
5.1.1 Summary
The principal objective in the infiltration stop process was to develop a metal
powder printing process that could minimize the shrinkage during post-processing stages.
In this process, a new ceramic binder, which was called infiltration stop, was printed to the
powder instead of the polymer binder. In contrast to the conventional printing process, the
infiltration stop was printed to a shell that was surrounding the designed part. In other
words, the infiltration stop was to print the negative of the part while it is positive for the
conventional printing process. After finishing the printing, the part then bypassed the
sintering stage and was directly transferred over to the infiltration furnace where a lower
melting point alloy infiltration would take place. Because the ceramic binder lowers the
surface energy of the base powder, the infiltrant melt would not spread over the infiltration
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stop printed powder surface and thus would stop the infiltration. Once the infiltration
process was completed, the shell could be removed by etching in a caustic solution.
However, there were two fundamental limitations that are opposed to this process
development. They are summarized in following paragraphs.
Powder Removal. This is essentially the most problematic one during this
process development. The basic reason was that the base (316L) powder sintered at
infiltrant melting (bronze) temperature. Thus, the infiltration stop printed shell could not be
easily removed after infiltration. Refractory metal salt (Ammonium Molydate,
[(NH4)6Mo7024-4H20]) coating technique was employed to provide a layer of
molybdenum coating on the base powder surface which would prevent particles from direct
contacts with each other and thus sintering among them. To further prove this coating
technique and to evaluate the actual infiltration stop printing process, a process
demonstration was performed in which rectangular blocks (20 mm x 20 mm x 10 mm) with
3 straight internal channels (2 square ones: 1 mm x mm and 2 mm x 2 mm; and 1 circular
one: D = 4 mm) of different size were created by printing silica, the infiltration stop, onto a
shell (5 mm thick) of molybdenum powder with an average diameter of 44 itm. After
infiltrating two units with bronze, the blocks were etched in a 30 wt % NaOH solution.
Although the exterior shell could be easily removed, removing the powder in the internal
channel was very difficult. In the small clogged channels, the infiltrant passed through the
infiltration stop interface. Since controlling the interface is difficult for the internal
channels, it would be even more difficult for large size parts. If internal channels can not
be fabricated, a major advantage of 3DP will be excluded.
Loose Powder Infiltration. Besides the powder removal problem, infiltrating
loose powder also posed some problems for the process. Since the loose powder did not
have a sintered skeleton, capillary force during infiltration and surface tension of the
infiltrant melt would cause movement of the individual particles. It was quite usual to
observe smaller size particles floating to the surface after infiltrating loosely packed 316L
powder with bronze. In addition, the density difference between the infiltrant and the base
powder simply enhanced this floating effect. It was thought that many observed pores
were also the result of the particle rearrangement.
In view of these drawbacks, it was deemed impractical to print any tooling with the
infiltration stop technique. But an alternative of using infiltration stop to create porous
tooling was investigated, which showed some very promising results. In creating porous
tooling, the major structure of the tooling was still printed with the polymer binder. The
infiltration stop would only be printed to the area which was designed to be porous. A
rectangular demonstration unit was printed with Acrysol binder and 316L powder, with
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internal channels leading to the top surface which was printed with silica and so remained
porous after infiltration with bronze. The demonstration proved successful when the
compressed air was blown into the internal channels underwater and bubbles vigorously
came out of the top porous layer.
5.1.2 Future Work
In fact, the technologies of using porous material in manufacturing such as
Porcerax II® and TOOLVACTM, have emerged in recent years. Certainly, the applications
of porous tooling, such as in injection molding or thermoforming tooling, have been
recognized. 3DP provides a unique process to fabricate porous tooling of which no other
manufacturing process is capable. However, to fabricate a commercial standard porous
tooling using 3DP, further investigation and optimization have to be done. One of the most
important issues is the uniform distribution of pores in the porous layer in which the pores
will need to be interconnected while retaining a good mechanical strength. Also the pore
size would need to be controlled. Like sintering and isostatic pressing (it is assumed that
those commercial porous materials are fabricated by these methods) which can control the
pore size by controlling the sintering time, temperature and isostatic pressure, a sintering
schedule for 3D printed porous tooling would also need to be devised to optimize its effect
on desiried pores size. Furthermore, more research should be done on refining the process
of fabricating the porous tooling, such as the etching requirements for revealing the
porosities and the optimal thickness of the porous layer, for the best performance.
5.2 Ultra Rapid Prototype Tooling Development
Using Epoxies
5.2.1 Summary
The objective of the project was to develop a process for fabricating Ultra Rapid
Prototype Tooling at the lowest possible cost. Therefore high cost operations such as
using a furnace must be eliminated in this process. To fulfill the requirement of infiltration
without furnace operation, epoxies are chosen to be the candidate infiltrant. Indeed,
epoxies have many advantages over the other types polymers in terms of cohesive strength,
wetting characteristics, volatility, flexibility for modification, and shrinkage. The process
development began with designing epoxy infiltration technique and searching for
commercial epoxies that were suitable for infiltration. As a result, a vacuum infiltration
technique was designed and an unfilled specially formulated epoxy (Araldite 6010 / XH
1277) from Ciba Geigy was chosen as the infiltrant. On the other hand, the porous green
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sample was prepared by mixing 316L powder with the Rophlex binder since the 3DP
machine had not been able to print the Rophlex binder. The current polymer binder,
Acrysol, for the 3DP machine, was however dissolved by the epoxy and so it could not be
used to print the green parts for epoxy infiltration.
Successful infiltration was obtained in those manually fabricated Rophlex / 316L
green parts. Nevertheless, during polishing of the infiltrated parts, 316L particles were
found to be pulled out from the epoxy matrix, which amounted to about 30 %. This is an
indication of weak binding force to 316L particles by the epoxy. The pull-out phenomena
might have detrimental effects for the epoxy tooling such as the surface finish and tooling
wear resistance. Many techniques were investigated to enhance the adhesive strength and
thus to minimize the pull-outs. The effective ones were found to be either using irregular
powders, or adding the resin with chemical coupling agents which are commonly used to
treat the fillers for filled epoxies. Also the Rophlex could be treated with titanate coupling
agents to provide better spreading and wetting of the 316L powder and thus minimized the
air entrapment during its drying stage that was attributed as one of the causes for the
failure. To see how the pull-outs affected the surface finish in actual tooling applications, a
cylindrical epoxy infiltrated 316L plug was fabricated as the tooling for a simulated
injection molding run. The simulation was carried out in a metallurgical sample mounting
press and polypropylene was chosen to be the input plastic material. The result revealed
that, even with 30 % of pull-outs, the plastic part surface finish was considered acceptable.
Therefore, the pull-out problem, at least from the surface finish point of view, was not an
issue. Finally, modulus of rupture of epoxy infiltrated 316L was measured by performing
the Four Point Bend test and it was found to be 50 MPa.
Although the basic procedure for fabricating epoxy tooling had been established,
many issues remain to be addressed such as the possible slumping issue during the heat
curing of the epoxy. Because a long epoxy curing schedule is required to minimize the
shrinkage and to maximize the strength, the overall time needed (at least 8 hours with the
current epoxy infiltrant) for epoxy tooling fabrication did not meet the "Ultra Rapid"
definition. However, it was still faster than the metal alloy infiltration processing.
5.2.1 Future Work
The current epoxy infiltration was only based on infiltrating green samples which
were made by mixing Rophlex with 316L powder as a slurry. The ratio of binder to
powder was not controlled. Once printing Rophlex becomes feasible with the 3DP
machine, epoxy infiltration on Rophlex printed green parts should be evaluated to compare
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the difference with the manually mixed parts. Improvement on the slumping issue and
mechanical strength will be expected.
However, a newer Ultra Rapid Prototype Tooling process has just begun under
development in which a solder flux bound bronze powder is infiltrated with tin, a low
melting point (232 "C) metal. The tin infiltration has shown a more promising result than
that of epoxy tooling. To demonstrate this process, tin shots were placed underneath a
solder flux bound bronze powder in a graphite crucible which is sitting on a laboratory hot
plate. For a 1 inch length and 0.5 inch diameter cylindrical bronze sample, the total
infiltration process only took about 10 minutes1 . However, the most critical issue in the
new process is the choice of flux-binder which has 3 requirements: (1) providing the flux
action to remove surface oxide and reoxidation of base powder during infiltration; (2)
providing adhesive strength to bind the loose powder; (3) compatible with 3DP machine.
A general categorization of flux types is listed in Appendix G and currently the search for
suitable flux-binder is underway. Future work is also required to understand the
metallurgy during infiltration in which intermetallic compounds are possibly formed. As
well, process refinement is needed to minimize the porosity after infiltration.
5.3 Shrinkage Study on 3DP Metal Bars
5.3.1 Summary
Dimensional control is extremely critical to the 3DP tooling printing. The objective
of this study was to quantify the shrinkage of printed metal bars in 4 processing stages: (1)
wet green; (2) dry green; (3) after sintering; (4) after infiltration. Since it is commonly
known that sintering is the major source for shrinkage, a quick evaluation of sintering
temperature was performed. Four 316L green bars of approximately identical size were
sintered for 1 hour at 1200 TC, 1250 'C, 1300 "C, and 1350 TC, respectively. Then all
were infiltrated with bronze at 1100 *C. The total percent shrinkage after infiltration
increased linearly with sintering temperature. The sintering temperature was chosen to be
1275 "C which was in fact the average of two extreme shrinkage values of minimum at
1200 "C and maximum at 1350 "C.
Then a more extensive study was conducted by printing 3 different lengths of
rectangular shrinkage bars with two fiducial marks on the surface separated at 8.4 mm,
25.55 mm and 40.6 mm. There were 4 samples printed at each length. A total of 3 groups
1 As a comparison, for the same sample, current epoxy infiltration will require an 8 hour curing procedure.
For high melting point infiltrant and skeleton such as the bronze and 316L combination, the total amount
of time will need no less than 16 hours including both sintering and infiltration.
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of shrinkage bars were printed along with each of the machine axis, that is, fast axis, slow
axis and Z axis. Measurements of shrinkage were done after each aforesaid processing
stages by using a CDD camera mounted on a coordinate measurement machine (CMM) and
the images of the fiducial marks were displayed on a monitor. The center to center to
distance of the fiducial marks was defined as the bar length on which the shrinkage was
measured. The shrinkage was calculated relative to the original CAD dimensions. A linear
regressional analysis was performed on the total shrinkage after infiltration versus the
lengths of the bars. The slopes were obtained as the percent shrinkages which are
summarized below:
Fast Axis Slow Axis Z Axis
1.45 % 1.48 % 1.7 %
Subsequently, the shrinkage factor which is defined as 1 + percent shrinkage can be
applied to the CAD design to compensate for shrinkage during processing of the 3DP metal
tooling.
In later tooling printing effort, shrinkages of the large size tooling were measured
by using a caliper. However, the shrinkage of a tooling after infiltration was calculated
relative to the dry green value. After measuring many different infiltrated large size tooling,
different shrinkage percents were obtained for compensating the tooling design for 3DP
process. These shrinkage values are summarized as follows:
Fast Axis Slow Axis Z Axis
1.2% 1.2 % 1.7 %
5.3.1 Future Work
Current results of the shrinkage study only provide shrinkage data for a specific
material system, namely 316L base powder and bronze infiltrant, and furnace firing
schedules. Upon the change of the metal material system, which is currently under
development, furnace firing schedule will be changed and so will the shrinkage values. As
a result, a continual effort on monitoring the shrinkage of all the 3DP metal parts is
necessary. In addition, an evaluation of warpage needs to be conducted. Finally, the issue
of green part oversize, especially in the Z dimension, in printing the large size tooling needs
to be resolved to ensure the dimensional quality of the 3D printed metal parts.
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Appendix A. Tensile Test of 316L Stainless Steel
Powder Bars Infiltrated with Bronze
After the 3D metal printing process has been established, there has been no
knowledge about the mechanical strength the final infiltrated metal / metal composite, for
example, Young's modulus, yield strength, and tensile strength. Therefore a standard test
was required for evaluating mechanical properties of 3D printed metal parts. In this study,
a tensile test would be performed on the bronzed infiltrated 316L stainless steel powder
sample (bronze / 316L composite).
Metal Powder Industries Federation (MPIF) standard tension testing method
[Standard Test Methods for Metal Powders and Powder Metallurgy Products, 1993-1994
ed., published by MPIF], MPIF standard 10 (Tension Test Specimens for Pressed and
Sintered Metal Powders), was adopted for testing bronze / 316L samples. The
specifications of the tensile test sample is shown in Figure A. 1.
Dimensions shown In inches.
-- 0.235
-0.343 0.22 R 0.1715
-0.1715 1 ,
1.0o0 0
!GAGE
1.250 0.140/0.250
COMPACT HEIGHT
1.593 RI.000
3.187
3.529 PRESSURE AREA - 1.00 sq.in.
TOLERANCES UNLESS OTHERWISE STATED TO BE *o.001 (ENGLISH)
*0.03 (METRIC)
Figure A. 1: MPIF standard tensile test specifications.
However, at the time of experiment, 3DP machined printed tensile samples were
not available. A slurry mixing method was used to simulate 3D printed metal parts. In that
method, loose powder of average particle size 44 gtm was tapped in a rectangular mold
which was sprayed with mold release agent. A hand-held steam humidifier was used to
deliver some steam onto the top layer of the powder to lock the powder before adding the
binder. Afterward, polyvinyl alcohol (PVA), which would act as a binder, was sprayed
onto the powders. The balling effect of powder, which was described in Steve Michaels'
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thesis, was prevented due to the cohesive strength on the top wet layer. The mold was then
dried completely and the solid rectangular powder metal block was then taken out from the
mold. The PVA binder provided enough strength for handling so that the block could be
band-sawed into smaller ones. Those smaller rectangular blocks were then debound and
sintered in a ceramic tube furnace, followed by infiltration with bronze. The sintering
schedule was described as follows:
5 °C / min ramp up to 200 'C -> soak for 30 minutes -> 10 °C / min
ramp to 1350 'C -> soak for 60 minutes -> 25 °C/min ramp down to
room temperature
On the other hand, the infiltration schedule is:
10 'C / min ramp up to 1100 "C -> soak for 15 minutes -> 25 'C / min
ramp down to room temperature
The gas used in both sintering and infiltration was forming 95 % Ar / 5 % H2. The
final infiltrated blocks were machined to the tensile bars with specific dimensions as shown
in Figure A. 1.
The results of tensile test is summarized in Table A. 1 and the raw data is plotted in
Figure A.2. The density of each test sample were measured using Archimedes principle.
From Figure A.2, the initial slopes of each test sample in the elastic region are about the
same. Therefore, the calculated Young's modulus is quite consistent among the samples.
However, there is a great discrepancy in yield strength. This is most likely caused by the
defects and different infiltrated amount of bronze in the samples . Since the powder was
soaked with binder, air bubbles were trapped in sample during drying stage, which resulted
in voids after infiltration. This distribution of voids is random and therefore the failure
mode of each sample is different. For example, sample 2 and 3 were failed by brittle
fracture after the load passed their yield strength. Others were more ductile but all failed to
reach the ultimate tensile strength. On the other hand, the volume percent of bronze in the
sample can be calculated based on the density measurements.
Pbronze Vbroe + P316LV316L = Pbronzel316L (A. 1)
In the equation, p = density and V = volume percent. Assuming that Vbronze +
V316L = 1, Pbronze = 8.9 g/cm 3 , P316L = 7.9 g/cm 3 , the amount of bronze can be
calculated and summarized in Table A. 1. Apparently, sample 2 and 3 have more 316L than
the other samples and thus they exhibit higher yield strength.
Certainly, the process of making the tensile bars cannot produce the exact replica of
what should be printed by the 3DP machine. Further tests will be necessary when 3DP
machine printed tensile bars are available. It is believed that the machine printed bars will
show more consistent and accurate results.
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Test Density Bronze Young's Yield Rockwell B Tensile
Bar g/cm 3  Vol % Modulus Strength Hardness Strengthl
GPa (ksi) MPa (ksi) ksi
1 8.25 35 162.3 (2.35e4) 247.6 (35.9) 91 90
2 8.11 21 139.1 (2.02e4) 300.7 (43.6) 96 102
3 8.13 23 131.3 (1.90e4) 307.9 (44.7) 98 109
4 8.27 37 146.0 (2.13e4) 215.3 (31.2) 74 Inexact
5 8.26 26 143.5 (2.08e4) 210.6 (30.6) 77 Inexact
Ave 8.20 28.4 144.4 (2.10e4) 256.4 (37.2) 87.2 100.3
Table A. 1: Strength and hardness of tensile test samples.
Tensile Test for Bronze Infiltrated
316L Stainless Steel (Cast Samples)
sample 1
sample 2
A sample 3
o sample 4
0 sample 5
0 10 20 30
Strain (%)
Figure A.2: Tensile test of bronze infiltrated 316L stainless steel (see text for sample
preparation).
1 The tensile strength values were read from Rockwell hardness conversion table.
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Appendix B. Drawings of Demonstration Units
B.1 Demonstration unit for infiltration stop
Powder: 44 ýtm molybdenum powder
Binder: silica binder
Infiltrant: Bronze
All drawing dimensions are in millimeters.
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B.2 Demonstration unit for porous tooling
Powder: 75 gm 316L stainless steel powder
Binder: silica binder and Acrysol
Infiltrant: Bronze
All drawing dimensions are in inches. (Special thanks to Mike Rynerson who helped me to
complete this drawing.)
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Appendix C. Permeability Measurement
Permeability measurement was performed on the 316L stainless steel powder with
water. The objective was to see how much would the permeability of 316L powder affect
the epoxy infiltration. However, infiltration calculation should be based on the liquid that
was wicking into the dry powder bed whereas in permeability measurement the fluid flow
rate was determined after the powder was saturated with the liquid. The difference in
principle here did not permit an accurate prediction on epoxy infiltration. However, the
measurement will still be described for any future reference.
Several permeability measurement techniques were described in a text book by
[Lambe, 1979]. The techniques were used to determine soil permeability and filter
requirements and the constant head permeability test was adopted for measuring the
permeability of 316L powder. The setup is described below:
h I
ass tube
Fluid
Sample
Glue
. Wire mesh
Era Uuat.e
Timer
Figure C. 1: A constant head permeability measurement setup.
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The equation2 to calculate the permeability coefficient is:
k=QL (C.1)
thA
where
Q = total quantity of water flowing through the sample in elapsed time t
h = the total head lost
A = cross-sectional area of the glass tube
L = sample length
The unit measure of the above measurement is [cm/sec]. In Kozeny-Carmen equation 3
which predicts the permeability in terms of void ratio and specific surface area, the
permeability equation becomes:
1 y e3
k =e (C.2)
k.S2 77 (1 + e)
where
ko = factor depending on the ratio of actual flow path in the sample and the
sample thickness
S = specific surface area
e = void ratio
y = specific weight of the fluid = pg
1 = viscosity of the fluid
Equation C.2 indicates that the viscosity and specific weight of the fluid (permeant)
influence the permeability constant. Therefore a specific permeability can be obtained by:
7K=k1 (C.3)
The unit of K is [cm 2 ]. For water as the permeant, one can convert from k [cm/sec] to K
using:
K[cm 2 ] = k[cm/sec] x 1.02 x 10- 5
In the measurement, water was used as the permeant. The sample was the loosely
packed 316L spherical powder which has an average particle size of 75 gm and the packing
density of around 56 %. The average k values were obtained as 0.0033 cm/sec and so the
specific permeability of K = 3.3 x 10-8 cm 2 . In unit of Darcy [1 Darcy = 0.987 x 10-8
cm 2 ], K = 3.4 Darcy.
2 This is essentially the Darcy's Law in which the flow rate is proportional to the pressure drop (AP) per
AAP
unit length of sample: Q = k
L
3 Derivation of Kozeny-Carmen equation can be found in [Geiger and Poirier, 1973] which assumed the
packed powder as a bundle of straight tubes.
148
Appendix D. Shrinkage Measurement Data
8.395 25.555
Fast Axis
short medium
40.600
long
8.3602 25.5468 40.72
8.3393 25.5466 40.51
8.3472 25.5608 40.639
8.3462 25.5267 40.639
8.3154 25.4875 40.349
8.315 25.4655 40.4039
8.3585 25.4854 40.5442
8.3235 25.4374 40.5792
CAD Value
Wet Green
#1
#2
#3
#4
average
Std
std/sqrt(n)
deviation
25.5071
0.0445
0.0157
-0.0479
-0.677% -0.187%
40.5480
0.1248
0.0441
-0.0520
-0.128%
8.400 25.550
Slow Axis
short medium
40.600
long
8.2811 25.5297 40.5925
8.2571 25.5267 40.5805
8.3532 25.5197 40.5854
8.3421 25.4837 40.6084
8.2822 25.5317 40.5565
8.2772 25.5656 40.5744
8.404 25.4796 40.5248
8.3601 25.5227 40.5468
8.3196
0.0521
0.0184
-0.0804
25.5199
0.0275
0.0097
-0.0301
40.5712
0.0270
0.0095
-0.0288
-0.957% -0.118% -0.071%
149
8.3382
0.0182
0.0064
-0.0568
%change
8.400 25.550 40.600
Fast Axis
medium
CAD Value
Dry Green
25.4823
0.0680
0.0241
-0.0727
-0.285%
25.555
Fast Axis
medium
25.1362
25.1481
25.1731
25.1671
25.07
25.0221
25.131
25.1371
25.1231
0.0514
0.0182
-0.4319
long
40.5906
40.5896
40.6006
40.5836
40.3814
40.4603
40.5433
40.5304
40.5350
0.0775
0.0274
-0.0650
-0.160%
40.600
long
40.0146
40.0196
39.9956
39.9426
39.8835
39.8676
39.9625
39.9284
39.9518
0.0573
0.0202
-0.6482
1.690% -1.597%
Slow Axis
short medium
8.3188
8.3107
8.3308
8.3824
8.3518
8.3628
8.3498
8.3498
8.3446
0.0235
0.0083
-0.0554
-0.659%
8.400
short
8.1877
8.2037
8.2297
8.1948
8.2367
8.2267
8.2627
8.2347
8.2221
0.0250
0.0088
-0.1779
25.5624
25.5304
25.5094
25.5144
25.5191
25.5274
25.4653
25.5343
25.5203
0.0275
0.0097
-0.0297
-0.116%
25.550
Slow Axis
medium
25.1682
25.1511
25.1361
25.1161
25.155
25.119
25.1601
25.1161
25.1402
0.0212
0.0075
-0.4098
long
40.5934
40.5598
40.5425
40.5484
40.5424
40.5504
40.5954
40.5084
40.5551
0.0285
0.0101
-0.0449
-0.111%
40.600
long
39.9663
39.9143
39.9684
39.8914
39.9555
39.9194
39.9876
39.9765
39.9474
0.0345
0.0122
-0.6526
-2.118% -1.604% -1.607%
Z Axis
short medium
8.3581
8.334
8.3646
8.3296
8.3516
8.3695
8.3734
8.3744
8.3569
0.0173
0.0061
-0.0431
-0.513%
25.6354
25.5826
25.5926
25.5966
25.57
25.654
25.6511
25.6871
25.6212
0.0415
0.0147
0.0712
0.279%
8.400 25.550
Z Axis
short medium
8.2098
8.1588
8.3257
8.2037
8.1946
8.2506
8.3936
8.2916
8.2536
0.0785
0.0278
-0.1465
25.0521
25.1171
25.1171
25.1641
25.117
25.1271
25.227
25.2549
25.1471
0.0659
0.0233
-0.4030
1.743% -1.577% -1.689%
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25.5118
25.3297
25.5019
25.5169
25.551
25.513
25.4505
25.4835
average
Std
std/sqrt(n)
deviation
%change
CAD Value
Sintered
#1
#2
#3
#4
average
Std
std/sqrt(n)
deviation
%change
8.395
short
8.3925
8.3674
8.3774
8.3725
8.3038
8.3036
8.322
8.3364
8.3470
0.0349
0.0124
-0.0480
-0.572%
8.395
short
8.2107
8.2457
8.2567
8.3057
8.2467
8.2907
8.2076
8.2197
8.2479
0.0360
0.0127
-0.1471
-1.752%
long
40.5487
40.6026
40.5666
40.6845
40.6468
40.5828
40.6229
40.6319
40.6109
0.0447
0.0158
0.0108
0.027%
40.600
lona
39.9268
39.8667
39.9347
39.9567
39.8325
39.7816
39.9955
40.0205
39.9144
0.0818
0.0289
-0.6856
m
I C Im
25.555 40.600 8.400 25.550 40.600
8.3.95 25.555
Fast Axis
short medium
8.2693
8.2463
8.2872
8.3132
8.3622
8.3164
8.2173
8.2014
8.2767
0.0541
0.0191
-0.1183
25.2823
25.1483
25.2173
25.1423
25.0163
24.9703
25.1482
25.1592
25.1355
0.1005
0.0355
-0.4195
40.600
long
40.0906
40.0637
40.0557
40.0687
39.9488
40.0088
40.0287
40.0596
40.0406
0.0447
0.0158
-0.5594
-1.410% -1.641% -1.378%
8.400 25.550
Slow Axis
short medium
8.1769
8.1399
8.1971
8.2551
8.1566
8.1486
8.2066
8.2166
25.2145
25.2635
25.1658
25.2258
25.131
25.105
25.145
25.09
40.600
long
40.1191
40.0681
39.9131
40.0211
40.0214
40.0375
40.0005
39.9485
8.1872 25.1676 40.0162
0.0391 0.0616 0.0646
0.0138 0.0218 0.0229
-0.2128 -0.3824 -0.5838
-2.534% -1.497% -1.438%
8.400 25.550
Z Axis
short medium
8.2209
8.2059
8.2748
8.2198
8.1248
8.1648
8.4679
8.364
8.2554
0.1118
0.0395
-0.1446
-1.722%
25.1173
25.1903
25.1215
25.1185
25.1015
25.1555
25.0315
25.1224
25.1198
0.0453
0.0160
-0.4302
40.600
long
39.979
39.95
40.031
39.943
39.751
39.782
39.8849
39.8659
39.8984
0.0965
0.0341
-0.7016
-1.684% -1.728%
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CAD Value
Infiltrated
average
Std
std/sqrt(n)
deviation
%change
,
Appendix E. Vendors List
Company Names Phone Number Sources of materials and services
3M Aerospace Materials 1-612-733-7221 Structural epoxies. e.g. PR500
Laboratory
Adhesive Engineering & 1-800-888-glue Consultant of applications and sources of
Supply, Inc. 1-603-474-3070 adhesive materials. e.g. epoxies.
Alcan Powders &_ Pigments 1-908-851-4500 Copper & Bronze powders.
Aldrich Chemical Co. 1-414-273-3850 Indium Shots.
Anval, Inc. 1-201-939-1065 Various stainless steel powders (e.g. 316L)
Aremco Products, Inc. 1-914-762-0685 CrystalbondTM , temporarily mounting
adhesives.
Berkeley Advanced 1-510-944-5884 Ceramic bowl, trays.
Ceramics
Castall, Inc. 1-617-337-6075 Electronic epoxies.
Ciba Geigy 1-800-759-7165 Various epoxies. e.g. Araldite 6010 resin
1-800-248-1306 Epocast XR / XH 1277 epoxies.
Coor Ceramics 1-303-278-4000 Ceramic bowl, trays.
Epoxy Technology, Inc. 1-800-227-2201 Epoxies for electronics.
1-508-667-3805
G'ielest 1-215-547-1015 Coupling agents such as silanes and other
organometallics.
International Mold Steel, 1-606-283-2253 Porous mold steel, Porcerax II®.
Inc. 1-800-625-6653
Johnson Matthey 1-800-343-0660 Ammonium Molydate, Tin shots, Ammonium
Tungsten oxide.
Kenrich Petrochemicals, 1-201-823-9000 Titanate, zirconate and aluminate coupling agent.
Inc.
Loctite North America 1-800-562-8483 Various Adhesives for sealing and mounting.
1-800-323-5106 Vacuum impregnation setup.
Permagile Industries Inc. 1-516-349-1100 One and two component epoxies.
Resin Technology Group, 1-508-230-8070 Epoxies.
Inc.
Rohm and Haas Company 1-800-846-7641 Binders: Acrysol and Rophlex.
1-800-888-0548
Staybond Corp. 1-518-272-6922 Putty epoxies & anaerobic adhesives.
Struers 1-800-321-5834 Metallographic epoxies and products.
Sylvania (Chemicals/Metals) 1-717-265-2121 Spherical molybdenum and tungsten powders.
Tra-con, Inc. 1-617-391-5550 Surface mount epoxies.
.TIransene Company. Inc. 1-508-948-2501 Epoxies.
United Resin Corp. 1-800-521-4757 Epoxies.
Wall Colmonoy Coip. 1-810-585-6400 Nicrobraz@ brazing stop products.
ZYP Coatings, Inc 1-615-482-5717 Boron Nitride Lubricoat.
Note: The products and services are only partial list of the companies supply. In fact,
rnost of them have been providing the samples for this research project.
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Appendix F. Microprobe Analysis for the Porous
Mold Steel (Porcerax II®)
To obtain some information about the commercially available porous material for
tooling, a 2 in x 2 in x 1 in sample was purchased (at a cost of $100 !). A small piece was
cut off and polished for microprobe analysis. The result of the analysis is shown in Table
G. 1. Apparently, the result indicates that Pocerax II is just a stainless steel material. From
the presence of copper, it can possibly be deduced that copper which has a lower melting
point than the other elements is acting as a sintering aid. Therefore, the fabrication of
Pocerax II is possibly involved in the conventional powder metallurgy process. An
intermediate sintering (as opposed to fully dense sintering) must have been carried out to
leave many pores in the sample. From microprobe, the porosity was measured as 23.5 %
while the reported value from the manufacturer was 25 %. A micrograph of the porosity is
shown in Figure G.1.
Material Compositions of the Sample
T able UG. I: tesuits or microprobe analysis for Vorcerax 1l( porous tooling material.
Figure G. 1: Surface porosity of Porcerax II®.
4 Position 3 is very near a pore on the surface.
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Probe Pos. Fe (%) Cr (%) Cu (%) Si (%)
Position 1 78.9 16.6 2.6 0.5
Position 2 76.1 16.9 2.8 0.4
Position 34 73.7 15.7 2.7 0.4
average 76.2 16.4 2.7 0.43
sum (%)
98.6
96.2
92.5
·I ~ 1. r · i · ' P r\ TTh . I !mrlr
Appendix G. Flux Types
(The following paragraphs regarding types of fluxes were summarized exclusively from
ASM Handbook, Volume 6: Welding, Brazing, and Soldering, pp. 12 6-133 and pp.964-
983, 1993)
Functions of Fluxes :
1) Remove the thin tarnish layers during the initial stages of the soldering process.
2) Lower the surface tension of the solder
3) Flux coating protects the metal surface from reoxidation during the heating steps.
Fluxes contain 3 principal ingredients:
1) active chemical compound such as halide for oxide removal.
2) wetting agents to helping spreading.
:3) a vehicle, which can be removed by evaporation, to dilute and mix the chemical
compound and wetting agents together. The vehicle is typically water, isopropyl alcohol,
glycerin, glycol (for liquid fluxes), or petroleum jelly (for flux pastes or creams).
:3 General categories of fluxes:
(1) Rosin - base fluxes (less corrosive)
Contain "water-white" rosin which is a distillation product from pine tree sap.
4 general types:
-- Type R (noncorrosive)
-- Type RMA (mildly activated) - mildly corrosive
-- Type RA (fully activated) - very corrosive
-- Type SA (superactivated) - most corrosive
Type R is when only rosin is in the flux. It becomes liquid and slightly chemically
active upon heating. Because of its non-corrosive nature, it is widely used in
microelectronics applications. Activators can be added such as organic halogenated
compounds (i.e. amine hydrohalides that contains chloride, fluoride, or bromide ion
groups) or halide - free activators such as oleic, stearic or lactic acids.
The concentration of activators determines the corrosivity of the flux. Therefore,
type RMA fluxes contain more activators than type R fluxes and they are used for heavily
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tarnished copper substrates. Like type R fluxes, RMA fluxes are also used in electronics,
especially those mass-produced products.
Type RA and SA fluxes have higher levels of activator concentrations than type R
and RMA. These fluxes are primarily used on base metals such as nickel, lightly tarnished
low carbon steels, iron-base alloys and copper-base alloys.
(2) Organic-acid fluxes (more corrosive)
They have chemical activity ranging from the level associated with RMA fluxes to
those that exceed the activity of RA fluxes. It contains acids such as lactic, oleic or stearic
acid. They are used in many electronic applications as well as the hot tin or solder dipping
,of nickel and iron-base alloy leads and devices.
Organic-acid fluxes have higher thermal stability when compared with rosin fluxes.
They are good candidates for solders with over 200 'C melting points.
(3) Inorganic-acid fluxes (most corrosive)
They are categorized into two types:
* Pure acid such as HC1, HF, H2PO3 , which usually contain surfactants.
* Inorganic salt mixtures or solution.
The pure acids are very strong to remove heavy oxide layers and scales. However,
during heating, binary inorganic salts are formed from the combination of zinc chloride
(ZnC12), anmmonium chloride (NH4C1), tin chloride (SnC12), or sodium chloride (NaC1).
These inorganic salt combinations form simple eutectics with minimum temperatures near
the melting point of solders. The molten salt reduces surface oxide and prevent reoxidation
during soldering process. They have very good thermal stability. The inorganic-acid
fluxes are not suitable for electronics applications. They are used on structual or industrial
applications like plumbing.
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Appendix H. Applications and Properties of Epoxy
Hardeners
(The following table is adapted from [Meath, 1990]. It summarizes the applications and
properties of some common epoxy hardeners.)
Tpe Advantage Disadvantage Application
Polysuifides
Aliphatic arnines
Polvamides
Amidoamines
Aromatic amines
Dicvandiamide
Catalytic
Anhydrides
Melamine/formalde-
hyde
Urea/formaldehyde
Phenol/formaldehyde
Moisture insensitive, quick
set time. lexible
Convenience. room tempera-
ture cure. low viscosity.
low formulation cost
Convenience. room tempera-
ture cure. low toxicity.
good flexibility or resili-
ence. good toughness
Reduced volatility, conve-
nient mix ratios. good
toughness
Moderate heat resistance.
good chemical resistance
Latent cure. ,ood elevated
temperature properties.
good electrical properties
Extremely long pot life. high
heat resistance
Good heat resistance, good
chemical resistance
Good hardness and flexibil-
ity, one-package stability,
solvent-free systems
Good film color, one-pack-
age stability, good inter-
coat adhesion
Good elevated temperature
properties. good chemical
resistance. good hardness
and flexibility
Odor. poor elevated tem-
perature performance
Critical mix ratios. strong
skin irritant. high vapor
pressure. blushes
Higher formulation cost.
high viscosity. low heat
resistance. low vapor
pressure
Poor elevated temperature
performance. some in-
compatibility with
epoxy resin
Solids at room tempera-
ture. long elevated-tem-
perature cure schedules
Long elevated-temperature
cure. insoluble in resin
Long elevated-temperature
cure schedules, poor
moisture resistance
Long elevated-temperature
cure schedules, critical
mix ratios
Elevated temperature cure
Elevated temperature cure
Solid, poor weatherability
Adhesives. sealants
Civil engineering. adhesives.
grouts. casting and electrical
encapsulation
Civil engineering, adhesives,
grouts, castings, coatings
Construction adhesives, con-
crete bonding, troweling
compounds
Filament wound pipe, electrical
encapsulation, adhesives
Powder coatings, electrical
laminates, one-component
adhesives
Adhesives, electrical, encapsu-
lation. powder coatings,
electric laminates
Filament wound pipe, electrical
encapsulation and adhesives
Waterborne coatings, container
and deco finishes
Fast bake enamels, primers and
topcoats
Powder coatings, molding com-
pounds
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